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Abstract
Prior research has identified that the cranial vault has become taller and
narrower and the mandible has decreased in breadth and become longer over time
among Americans (Angel, 1976; Jantz and Meadows Jantz, 2000; Jantz, 2001;
Martin and Danforth, 2009; Jantz and Meadows Jantz, 2016). Studies of the
cranial vault also suggest narrowing of the face. However, research investigating
secular changes in craniofacial morphology is lacking. Because the cranium is a
complex of integrated modules with different trajectories and patterns of ontogeny
and development, modular accommodation during growth is critical for the
cranium to maintain functionality as a unit. This dissertation utilizes craniometric
data from documented 19th and 20th century skeletal collections to investigate
whether changes in craniofacial morphology have occurred concomitantly with
those of the vault, and if so, whether those changes are related to changes in
cranial base shape.
Geometric morphometric analysis was performed using 21 digitized
craniometric landmark data from a sample of n=662 White males and females.
Generalized Procrustes Analysis was utilized to fit the three-dimensional
coordinate data into a common coordinate system for the execution of further
multivariate analysis. Principal components analysis and canonical variates
analysis were executed to ascertain the presence of secular changes in craniofacial
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and base shape. Subsets of the 21 craniometric landmarks were analyzed to
facilitate separate examinations of the face and base.
Two-dimensional interlandmark distance data obtained from the same
individuals were analyzed using correlation analysis, principle components
analysis, and regression to corroborate the results of the geometric morphometric
analysis. The use of non-traditional craniometric measures proved instrumental
for identification of specific areas and directions of shape change.
Lastly, a series of traditional cranial angle data obtained from a larger
sample of n= ~1,500 individuals were analyzed using regression analysis. The
examination of the cranial angle data served to substantiate the results obtained
from the prior analysis and to further delineate secular changes in morphology.
Results suggest that the faces of American White males and females have
become more leptoprosopic (tall and narrow) and the cranial vault has become
more dolichocephalic (longer and narrow) over time.
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Chapter 1
Introduction
During the late 19th century, many anthropologists who collected and
analyzed craniometric data maintained that cranial forms were fixed and therefore
stable indicators of population affinity. This notion was challenged by Franz
Boas (1912) who, upon the identification of differences in head shapes of
American- and foreign-born children of immigrants, attributed changes in cranial
form of the children born in America to their improved environment. In his 1910
study, Boas proposed “plasticity” as the mechanism that accounted for
modifications in cranial shape that occurred over one generation (Boas, 1912).
“Secular change” refers to morphological modification that occurs over short
periods of time. The objective of this dissertation is to identify the presence or
absence of secular changes in the facial morphology and the angle of the cranial
base of Americans over the past 150 years using three-dimensional coordinate
data.
According to Boas, changes in head form were produced primarily as a
result of the novel environment the American-born children had been exposed to
during development and growth. Thus, in accordance with Boas’ perception,
bone is morphologically malleable and reactive to positive and negative
environmental factors. Although Boas was not the first to suggest that phenotypic
(developmental) plasticity denotes modification of an organism due to its
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environment during development, he is often credited as establishing this notion
as the mechanism responsible for observable changes in cranial morphology
(West-Eberhard, 2003). Remarkably, since Boas’ immigrant study, subsequent
analyses continue to support his conclusions and contend that cranial plasticity is
the most plausible explanation for morphological alterations that occur in
genetically similar populations that develop in different environments. However,
there has been recent debate as to whether plasticity or genetic variation is the
dominant factor accounting for morphological change (Sparks and Jantz, 2002;
Gravlee et al., 2003a, b; Williams et al., 2005).
Much of the ongoing research has examined developmental plasticity
within the context of secular change studies. Secular changes in a variety of body
dimensions including stature, weight, size-at-birth, cranial and post-cranial
morphology have been identified in numerous populations (Li et al., 1990;
Alexander et al., 1999; Jantz and Meadows Jantz, 2000; Jantz, 2001; Komlos,
2001; Komlos and Baur, 2004; Schack-Nielsen et al., 2006; Jantz et al., 2016;
Jantz and Meadows Jantz 2016). These studies are of interest to and have been
conducted by researchers from diverse disciplines including economic history,
anthropology, obstetrics, pediatrics, and orthodontics. Whereas Boas’ proposed
that the environment was the principle factor responsible for changes in
morphology, many recent studies investigating the presence of positive or
negative changes have attempted to determine the various environmental
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mechanisms responsible for secular trends, and additionally ascertain the
proportion of change attributable to the environment versus the contribution of
genetics.
Studies of secular changes in the population of the United States have
revealed that American white and black males and females have become taller
and heavier over time (Jantz et al., 2016; Komlos and Baur, 2004). Additionally,
research has shown that the cranial vault of Americans has become taller and
narrower over the last 150 years and that cranial base height is primarily
responsible for the observed increase in vault height (Jantz and Meadows Jantz,
2000; Jantz, 2001; Wescott and Jantz, 2005). Reduced infant mortality, improved
nutrition, health, socioeconomic status, and infant growth are several factors
proposed as contributing to the secular trends identified in the American
population.
While focus has been given to secular changes in cranial vault
morphology, much less attention has been given to identifying alterations in the
facial morphology over time in the American population. As a composite skeletal
structure, the human skull is genuinely unique in comparison to other skeletal
elements due to the complexity of its development, shape, and functions. Bones
that contribute to its composition each develop as seemingly discrete units with
ontogenetically-determined distinctive shapes. However, despite independent
osteogenic trajectories, these individual elements are also connected and therefore
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interdependent as each contributes to and composes a single structure that
integrates form and function. Based on the relationship of the cranial elements, it
could therefore be reasonable to postulate that a change in the shape or size of one
region of the cranium could then influence or affect changes in other aspects.
Some research asserts that the facial bones follow a different pattern of
embryological development than the neurocranium; therefore, facial morphology
is not influenced by cranial base dimensions, and facial breadth may be
constrained by cranial breadth (Lieberman et al., 2000). Moreover, other research
contends that the utilization of computer programs for statistically-based
demographic analyses such as FORDISC implies that facial morphology has
remained relatively constant over time (Williams et al., 2005). If this is indeed
true, then logically it should follow that the continued collection of craniometric
facial data from modern samples is unnecessary as data obtained from historic
samples should still be applicable for demographic analyses and identifications.
However, this is not the case as the need for data collected from modern
population samples for use in forensic identification has already been established
(Ousley and Jantz, 1998). Furthermore, the identification of ancestry based on
metric data or non-metric traits is seldom based solely on cranial vault shape.
Maxwell and Ross (2014) concluded that the sole use of cranial vault shape for
individual positive identification was unreliable.
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The hypothesis of this dissertation is that alterations in the facial
morphology of Americans have occurred over time. More specifically, the goal
of this study is to identify and examine changes in facial projection and narrowing
of the face over the last 150 years. Objectives of the research presented in this
dissertation are as follows:
1) to identify presence or absence of secular changes in the facial
morphology of American white and black males and females over the past
150 years,
2) to identify the presence or absence of secular changes in the angle of the
cranial base in the same population, and
3) to ascertain whether or not these changes (if present) are associated with
each other in addition to those that have already been documented in the
cranial vault.
Analyses for this study will be conducted using three-dimensional coordinate
data, interlandmark distances, and cranial angle data.
A review of the relevant literature in Chapter 2 will provide a historical
and theoretical framework for the subsequent chapters and will also present a
discussion of cranial development and growth. A brief discussion of the samples
used for this study will be given in Chapter 3. In Chapter 4, a description of the
craniometric landmarks chosen for analysis will be presented in addition to a
description of the statistical methodologies which will be utilized to analyze the
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geometric morphometric and traditional morphometric data. A comprehensive
report of the results of the statistical analyses will be presented in Chapter 5. A
synthesis of the results of the various analyses and their relevance to previous
research will be discussed in Chapter 6. A brief discussion of the relevance and
limitations of this study will be presented in Chapter 7.
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Chapter 2
Literature Review
This chapter consists of a review of the relevant literature in order to
provide a thorough historical and theoretical framework for the chapters that
follow. It begins with a discussion regarding the concept of developmental
plasticity and the application of this concept to research that investigates secular
changes in cranial morphology. Next, a comprehensive overview of research that
has identified secular changes in neurocranial and craniofacial forms observed in
several populations is presented. This portion of the chapter is followed by a
discussion of the various environmental factors believed to be responsible for the
changes over time that have been observed in human cranial morphology. Lastly,
due to the current lack of consensus as to whether genetics, epigenetics, or the
environment plays the primary role responsible for change, and because several
researchers posit that certain secular trends in bodily form that are identifiable in
early as infancy and childhood may persist into adulthood, an overview of cranial
development and growth is presented.
During the late 19th to early 20th century, many anatomists and
anthropologists utilized cranial indices calculated from craniometric data as a
science-based method of substantiating the typological classification of racially
superior and inferior populations (Boas, 1940; Weidenreich, 1945). The initial
rejection of racial typology within anthropology began largely with the work of
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Franz Boas. Boas (1912) identified differences between the head shapes of
European- and American-born children of immigrants, and attributed the
morphological transformations in cranial shape of the children born in America to
the improved or novel environment they experienced during early growth. The
concept that an organism’s shape may undergo alterations in response to its
environment during growth and development – known as developmental or
phenotypic plasticity – was not conceived by Boas (West-Eberhard, 2003).
However, he is thought to be the first to apply this concept to changes in cranial
form (Kaplan, 1954). At this time, Boas’ proposal of this concept was largely in
opposition to the assumption that cranial shape was fixed and therefore could be
indicative of, and used to ascribe, racial classifications.
Rejection of this biological deterministic ideology began to advance
during the mid-20th century through additional contributed works by Boas (1940)
and other anthropologists who conducted notable comparative analyses of cranial
variation in multiple populations using craniometric data. Woo and Morant
(1934) examined facial flatness in over 5,000 crania deemed to represent principal
global racial groupings and concluded that there was no evidence that the
variability of facial characteristics could be used to differentiate “’primitive’ and
‘advanced’ races.” Weidenreich (1945) identified that overall the crania of
modern populations, regardless of ethnicity, have become rounder, shorter in
length, and wider in breadth compared to prehistoric and early historic crania.
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Studies of cranial variation conducted by Howells (1973, 1989, and 1995) have
contributed substantially to the understanding that greater variability exists within
populations than between populations.

Neurocranial and Craniofacial Secular Change
Since the mid to late 20th century anthropologists have continued to collect
craniometric data; however, the purpose for that data has shifted dramatically
from its early employment as justification for racial typology. Recent studies that
use craniometric data primarily focus on demographic constructions, population
distances, the identifications of genetic and phenotypic variation and diversity
within and among populations, and examinations of cranial plasticity that identify
changes in cranial morphology over time. Directional non-random changes in
morphological traits identified as occurring over successive generations of a
population living in the same territories or environment are referred to as “secular
changes” or “secular trends.” Stated more simply, secular change may be defined
as non-random biologically-based developmental modifications which transpire
over a short period of time as a response to environmental transition(s). Studies
examining secular trends have focused on known polygenic traits such as stature
and cranial shape because it is understood that the environment can impact the
phenotypic expression of those particular genetic traits during development

9

(Kaplan, 1954; Via and Lande, 1985; Pritchard, 1995; Bogin, 1995; Boldsen,
1995; Bogin and Rios, 2003).
Since Boas’ 1910 study, researchers continue to emphasize the
environment over genetics as the dominant force responsible for secular change in
populations exposed to similar conditions, and contend that developmental
plasticity is the mechanism allowing the environment to affect morphological
changes in body dimensions (Sparks and Jantz, 2002). Despite recent evidence
which used Boas’ original data to demonstrate that heredity, rather than the
American environment, may have a more significant effect on changes in cranial
indices (Sparks and Jantz, 2003), the perception that the environment plays a
more predominant role in contributing to morphological change continues to
persist among some researchers (Little et al., 2006; Gravlee et al., 2003a, b).
Furthermore, differing patterns of cranial variation among ethnic groups still exist
in spite of exposure to similar environmental conditions (Sparks and Jantz; 2003).
In an attempt to eliminate genetic sampling effect and emphasize the
contribution of the environment many studies have examined morphological
changes in different body dimensions that occur over one generation through the
comparison of siblings, and parents and their offspring. Howells (1948) identified
that anthropometric measures of the appendages and facial height were similar
among brothers when compared to measures of randomly paired males from the
same population. Hunter and Garn (1969) compared craniofacial and mandibular
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measurements of parents and their adult offspring and identified an increase in the
anterior length of the cranial base, and that the faces of adult offspring were
proportionally larger than their parents. The authors attributed the change in size
to earlier facial development and maturation in the offspring (Hunter and Garn,
1969). In a comparative study of Michigan parents and their adult offspring,
Smith et al. (1986) found that offspring had larger superior facial heights and
longer, deeper, and narrower faces than their parents. Based on the opposing
changes in facial breadth and height the authors concluded that the oval shape of
the face has changed within one generation, and that the axes of the face possess a
substantial degree of developmental independence (Smith et al., 1986). In a
comparative study of parents and their juvenile offspring, Lavelle (1972a)
identified that the offspring exhibited secular increases in stature, cranial, and
tooth dimensions prior to adulthood.
Other researchers investigating secular changes have utilized data from
supposed homogenous or hybridized populations that have experienced minimal
gene flow in order to diminish the effects of genetic drift and isolate the impact of
the socio-economic environment on morphological change. Lewin et al. (1973)
examined changes in cranial shape in relation to increases and decreases in stature
among male and female Skolt Laps and their same-sex offspring and found that
changes in neurocranial dimensions paralleled those of changes seen in stature.
Both males and females exhibited smaller and larger cranial dimensions as stature
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decreased and increased, respectively. However, differences in cranial shape
between males and females were observed (Lewin et al., 1973). Based on their
findings, the authors concluded that changes in cranial form are equally sensitive
to the factors responsible for changes in stature (Lewin et al., 1973). Lewin et al.
(1973) also argue that morphological traits which may be distinctive to that of a
particular ethnic group have the potential to disappear relatively quickly.
As stated previously, early work published by Weidenreich (1945) states
that in comparison to historic and prehistoric cranial shapes, the crania of modern
populations overall have become more brachycephalic (“short-headed”). More
recently, Enlow and Moyers (1982) argued that the brachycephalic head form is
the predominant shape among middle Europeans and Asians whereas a tendency
towards dolichocephalization (“long-headed”) exists among the British,
Scandinavians, northern and southern Europeans, northern Africans, and some
Near Eastern and Middle Eastern populations.
The brachycephalic cranial shape is wide, short, and rounded compared to
the dolichocephalic cranial shape which is long and narrow (Enlow and Moyers,
1982). Brachycephalization is understood to be primarily the result of an increase
in head breadth and less likely due to a decrease in head length (Weidenreich,
1945; Kouchi, 2000; Little et al, 2006). However, dolichocephalization has been
ascribed to increases in head length (Sanna et al., 2015). Carlton S. Coon (1955),
and Beals et al. (1983, 1984) assert that widespread brachycephalization was
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likely a thermoregulatory adaptation preventing significant heat loss in cold
environments. Subsequent research since these studies has shown that secular
changes in neurocranial and facial shapes have occurred in many diverse
populations. However, unlike the above authors’ observations, the changes in
cranial and facial dimensions that have been more recently identified are not
necessarily similar in direction across all populations that experience similar
socioeconomic and environmental conditions.
Japanese juvenile and adult cranial shapes have been studied fairly
extensively using samples that span a considerable time depth (Kouchi and
Koizumi, 1992; Kouchi, 2000; Hossain et al., 2004, 2005; Okazaki, 2010;
Hossain et al., 2011; Ohno et al., 2016). The results of these studies indicate that
Japanese head shape has undergone fairly significant changes in morphology over
time (Kouchi and Koizumi, 1992; Kouchi, 2000; Hossain et al., 2004, 2005;
Okazaki, 2010; Hossain et al., 2011; Ohno et al., 2016). During the medieval
period (c. 1300-1600 CE) Japanese crania exhibited elongation, pronounced
alveolar prognathism, and low facial heights (Okazaki, 2010). Since that time,
while some regional differences exist, the neurocranial morphology of adults and
children has changed to being predominantly brachycephalic (Kouchi and
Koizumi, 1992; Kouchi, 2000; Okazaki, 2010). Recent investigations of adult
crania indicate that this trend of increasing head breadth has slowed or ended
(Kouchi, 2000; Hossain et al., 2004, 2005). Modern Japanese adults are
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becoming heavier and taller in stature than prior generations, and their crania are
taller, slightly longer, larger in circumference, and exhibit reduced alveolar
prognathism (Kouchi, 2000; Hossain et.al, 2004, 2005; Ohno et al., 2016). In
addition, a trend of narrower, higher facial size has been identified in modern
Japanese females (Hossain et al., 2011).
In a number of European populations, an overall trend of
debrachycephalization, (dolichocephalization) has been observed (Sanna et al.,
2015; Gyenis, 1994; Stoev and Yordanov 1998; Demoulin, 1998; Godina, 2011;
Gyenis et al., 2003; Jonke et al., 2007; Jonke et al., 2008; Weisensee and Jantz,
2011). Historically, the crania of Skolt Laps have maintained a tendency toward
brachycephalization (Lewin et al., 1973). However, in the modern population
increased stature has been found to be associated with dolichocephalization in
males while females experienced an increase in facial height while the shape of
the cranium remains brachycephalic (Lewin et al., 1973). In a comparison of
skull and cephalogram measurements, Ingervall et al. (1972) found that cranial
base curvature and maxillary prognathism had increased along with stature in
Swedish males over a 160-year period. Jonke et al. (2007, 2008) identified
secular increases in the projection of the anterior nasal spine and height in
comparative studies of 19th and 20th century Austrian males. Significant rapid
reductions in cranial and facial breadth with concurrent increases in head length
and facial height were observed among Hungarian male and female college
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students that were measured between the years 1976-1985 (Gyenis, 1994).
Weisensee and Jantz (2011) identified debrachycephalization and facial
narrowing has occurred over time in the Portuguese. Sanna et al. (2015)
identified that since 1859 a gradual progression from brachycephalization towards
dolichocephalization has occurred among southern Sardinian males and females,
while northern Sardinian males have maintained a brachycephalic head shape
over time.
Outside of Europe, increased cranial vault height, base height, and
marginal dolichocephalization have been the observed trends among South
African Black cranial dimensions (Cameron et al., 1990), while
brachycephalization has been the observed secular trend among modern Indian
females (Saini, 2014). A secular increase in cranial base breadth was found in
both males and females of North India (Saini et al., 2014). Furthermore, males of
North India have experienced a decrease in occipital condylar breadth while the
same measure been found to have increased in females over time (Saini et al.,
2014).
Significant secular changes in cranial morphology have also been
identified in the American population (Angel, 1976; Angel, 1982; Jantz and
Meadows Jantz, 2000, 2016; Jantz, 2001; Wescott and Jantz, 2005; Antoun et al.,
2015). In a comparative study of Colonial era and modern Blacks and Whites,
Angel (1976) concluded that cranial size and vault height have increased and the
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face has narrowed in Whites, and cranial size (with the exception of the upper
face) has increased and the face has narrowed and elongated in Blacks since the
17th century. Furthermore, Angel (1982) found a significant increase in cranial
base height in a comparison of 19th and 20th century crania and concluded that the
cranial base must be sensitive to environmental stress. Jantz and Meadows Jantz
(2000) found that since the mid-19th century, White males, and White and Black
females have experienced narrowing of the face (bizygomatic breadth), and White
and Black males and females have become dolichocephalic and exhibit
significantly higher cranial vaults along with increases in stature. Whereas Jantz
and Meadows Jantz (2000) noted that changes in cranial morphology that are
occurring in the American population differ from those seen in the Japanese, this
no longer appears to be the case (Kouchi and Koizumi, 1992; Kouchi, 2000). A
more recent study conducted by Wescott and Jantz (2005) identified that the
increase in cranial vault height was most likely due to changes that have occurred
in the cranial base. Using data obtained from cephalograms, Antoun et al. (2015)
found that anterior cranial base length, maxillary size, and the intermaxillary
angle (position of the maxilla relative to the mandible) have all significantly
increased in size over time.
If developmental plasticity is the primary mechanism allowing for
morphological changes in crania to occur as a phenotypic response to
demographic transitions, then studies of secular changes in juveniles should
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provide evidence as to how early in life changes in morphology are actually
occurring. In a study using two samples of measurements taken from London
schoolchildren, Lavelle (1972b) identified that children between the ages of 8 -12
years in 1971 were taller and had larger facial dimensions than those of the same
ages comprising the 1932 sample. Little et. al. (2006) found that the crania of
children from Oaxaca, Mexico with birth years spanning 1968 – 2000 have
become increasingly brachycephalic while the midfacial area has narrowed. In
contrast, Godina’s (2011) study identified that the crania of Moscow school
children born during those same decades have become dolichocephalic and facial
heights have increased. Trends of increased stature, debrachycephalization, larger
head circumference, and broader faces have also been observed in Kashubian
children in Poland (Cymek et al., 2015).
The majority of research regarding cranial secular change has been
concentrated on the recognition of overall morphological changes in the
neurocranium and facial width, while few studies have focused on identifying
dimensional changes occurring in specific features and bones of the skull. Smith
et al. (1986) surprisingly assert that although secular changes in facial size and
shape are occurring, these changes are not specifically associated with particular
bones or structures. However, Mizoguchi (2008) argues that dolichocephalization
and brachycephalization specifically may result from variation in the shape of the
occipital arc and nuchal planum. Mizoguchi (1998) suggested that variation
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identified in cranial length may be independent of variation exhibited elsewhere
in the cranium.
Significant secular changes in mandibular morphology in Americans have
been found, and these changes correspond to the debrachycephalization seen in
American crania (Martin and Danforth, 2009). Martin and Danforth (2009)
additionally identified that the mandible has increased in length, and narrowed in
width, thus becoming more gracile overall. Hinton and Carlson (1979) found that
temporomandibular joint size has increased in Nubian males and decreased in
females over the past 10,000 years, and concluded that this change may be due to
the transition from hunter-gatherer- to agricultural-based subsistence patterns.
Because neurocranial dimensions in Americans have changed over time, it
is highly likely that concomitant changes in craniofacial dimensions have also
occurred. According to Enlow and Moyers (1982), head form and facial shape
are not mutually exclusive aspects of cranial morphology. Though they may
undergo differing developmental trajectories, they are intimately integrated
components that contribute to and impact the function and structure of the
cranium as a whole (Enlow and Moyers, 1982). Thus, individuals with
dolichocephalic head shapes should have correspondingly narrow faces, and those
with brachycephalic head shapes should have shorter, wider faces (Enlow and
Moyers, 1982).
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A number of researchers have identified secular decreases in facial breadth
in a number of populations (Lewin et al., 1973; Angel, 1976; Smith et al., 1986;
Jantz and Meadows Jantz, 2000; Little et al., 2006; Weisensee and Jantz, 2011;
Saini et al., 2014). However, some researchers assert that the degree of plasticity
in the facial complex may possibly be less than that of the cranial vault and thus,
more resistant to environmental influences during early development and growth
(Jantz and Meadows Jantz, 2000; Little et al., 2006). Other researchers believe
that craniofacial morphology may be under variable magnitudes of genetic and
environmental influences during the growth process, and the environment may
exert more influence on facial morphology since the face reaches adult
proportions after the basicranium and neurocranium respectively (Cheverud,
1982; Peng et al., 2005; Abu Dalou et al., 2008; Sperber, 2011; Antoun et al.,
2015; Ohno et al., 2016). While narrowing of the cranial vault has been
identified, secular changes in craniofacial proportions and projection in
Americans has yet to be thoroughly analyzed. The goals of the research presented
in this dissertation are to identify whether facial projection and proportion in
Americans have changed over time, and, if so, to ascertain whether those changes
may be related to those observed in the angle of the cranial base and in cranial
vault dimensions that have already been identified.
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Factors Responsible for Secular Change
It has been established that the interaction between an organism’s
genotype and its environment can affect the expression of polygenic traits (Via
and Lande, 1985). In most organisms the degree of phenotypic plasticity present
in a particular trait is thought to be molded by selection (Via and Lande, 1985). In
terms of fitness, an organism’s ability to physiologically conform to an altered
environment without the prerequisite necessity of genetic modification would
confer a selective advantage for the survival of that organism over others (Via and
Lande, 1985). Secular changes in morphology are considered to be
predominantly due to developmental plasticity rather than alterations in the
genotype which is indicative of evolutionary change. Furthermore, secular change
has been referred to as “microevolutionary” change as it is understood to operate
on a much shorter time scale compared to that of evolutionary change (Angel,
1976; Henneberg and Van den Berg, 1990; Okazaki, 2010; Rebato, 2015).
The “environment” of an organism encompasses a multitude of different
exogenous conditions and factors. Several theories have been postulated as to
which specific environmental condition(s) might be primarily responsible for the
morphological changes that have been observed in humans. Secular trends are
likely multifactorial – a combination of a number of environmental, epigenetic,
and genetic factors. Proposed hypotheses as to why alterations in craniofacial and
mandibular morphology are occurring include improved socioeconomic
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conditions, improved health and healthcare, adaptations to climate, and reduced
functional demands during mastication (Boas 1912; Lewin et al., 1973; Angel
1976; Carlson, 1976; Carlson and Van Gerven, 1977; Jantz and Meadows Jantz,
2000; Jantz, 2001; Little et al., 2006; Jonke et al., 2007; Martin and Danforth,
2009; Okazaki, 2010; Antoun et al., 2015; Stone et al., 2015).
In his comparison of Colonial and modern Americans, Angel (1976)
attributed the secular changes he observed in stature and cranial morphology
mainly to heterosis, but also included improvements in disease-control, diet, and
living conditions as other factors. In his comparison of 19th and 20th century
Americans, Angel ascribed increases in cranial base height to improved nutrition
and health conditions (Angel, 1982). According to Jantz and Meadows Jantz
(2000), changes in facial shape and neurocranial shape seen in modern Americans
are most likely due to improvements in nutrition and health rather than substantial
genetic change. Among researches investigating secular changes in cranial vault
morphology in Americans, the current consensus is that the most significant
degree of change is the increase in cranial vault height, and the causative factors
are likely improvements in nutrition and reductions in disease load during growth
(Angel, 1982; Jantz and Meadows Jantz, 2000; Wescott and Jantz, 2005).
Weisensee and Jantz (2011) concluded that the increases in stature and the
debrachycephalization observed in modern Portuguese were the result of
improvements in environmental (socioeconomic) conditions over time. Similarly,
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Lewin et al. (1973) also attributed increases in stature and changes in neurocranial
morphology experienced over one generation in adult Skolt Laps to improved
socioeconomic conditions. Godina (2011) and Cymek et al. (2015) also ascribe
increases in stature and debrachycephalization seen in schoolchildren from
Moscow and Kashubia, respectively, to improvements in nutrition and
socioeconomic conditions. Suggested reasons for changes in cranial base
dimensions observed in North Indian males and females include increased
urbanization, population admixture, declining incidence of childhood disease and
mortality, and improvements in nutrition (Saini et al., 2014).
According to Abu Dalou et al. (2008), cranial shape and size are both
affected by nutrition; however, size and shape are under different environment
influences during different developmental periods. Furthermore, cranial shape is
thought to be under the influence of intrauterine environmental effects and
believed to be more developmentally plastic than head size (Abu Dalou et. al.,
2008). Head size is believed to be more dependent on nutrition during the period
of early childhood growth (Abu Dalou et al., 2008). Further research corroborates
that infant head circumference growth rates and size are both correlated with
socioeconomic status and nutrition (Davidson et al., 2007; Ounsted et al., 1985).
Abu Dalou et al. (2008) assert that pre- and postnatal physiological stress due to
poor health and nutrition would therefore result in a reduction in head size and
dolichocephalization.
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In disagreement with Abu Dalou et al. (2008), Kouchi (2000) and Okazaki
(2010) argue that physiological stress experienced early in infancy is most likely
the causative factor for brachycephalization that has occurred until recently in the
Japanese. Growth during the first few years of life is rapid and nutritionally
demanding, and recent research has indicated that secular changes in stature and
neurocranial shape are evident in children as early as two years of age (Bakwin,
1964; Bock and Sykes, 1989; Cole, 2000; Okazaki, 2010). According to Okazaki
(2010), neurocranial development is under significant environmental influences,
and systematic differences in the size and shape of the neurocranium are
established during early infancy when growth is rapid and requires high caloric
intake in order to sustain the tempo of growth. Thus, physiological stress
experienced during infancy would have an impact on neurocranial proportions
and this early established pattern of growth would likely persist through
adolescence (Okazaki, 2010).
Mizoguchi (1998) suggested the shape of the maternal pelvic inlet was
likely responsible for the brachycephalic shape observed amongst the Japanese.
Kouchi (2000) asserts that the recent trend toward taller stature is associated with
the recent trend of debrachycephalization in the Japanese. The author attributes
these transformations in morphology primarily to changes in the tempo of infant
and child growth engendered by improved nutrition and a reduction in childhood
disease (Kouchi, 2000). Similar to Kouchi (2000), Antoun et al. (2015) ascribed
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secular increases in maxillary size, the intermaxillary angle, and anterior cranial
base length to differences in growth and maturation rates observed in temporally
discrete childhood cohorts. Saini (2014) concluded that improved nutrition and
healthcare resulted in an accelerated growth rate during infancy and childhood
among males and females. Thus, earlier skeletal maturation was the responsible
mechanism for brachycephalization and narrowing of the face observed in
females (Saini et al., 2014).
Several studies have identified secular increases in birth weight and length
and concluded that these increases are likely due to improvements in maternal
care and nutrition during development in utero and improved nutrition after birth
(Hindmarsh et al., 2008; Bralić et al., 2006; Schack-Nielsen et al., 2006; Tretyak,
et al., 2005; Ananth and Wen, 2002; Li et al., 1990). According to Hindmarsh et
al. (2008), infant growth should be considered as a continuation of intrauterine
growth which is largely dependent on adequate nutrition and minimally dependent
on the release of growth hormone which becomes a predominant contributor to
growth after 6 months of age.
Jonke et al. (2007) attributed increases in facial projection and height to a
possible combination of ethnic changes and a dietary shift to softer, more
nutritional foods. According to Carlson and Van Gerven (1977), Little et al.
(2006), and Ohno et al. (2016), changes in neurocranial and craniofacial
morphology are the result of reductions in masticatory stress. Hinton and Carlson
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(1979) attributed changes in temporomandibular joint size to a reduction in
masticatory stress and robusticity of the masticatory musculature. Martin and
Danforth (2009) attributed narrowing and increased gracilization of the mandible
to dietary transitions, improved healthcare, and “other lifestyle factors.” In order
for normal occlusion to be maintained, the factors driving the decrease in
craniofacial breadth may presumably also be accountable for the concurrent
reduction in mandible size in modern Americans.
As mentioned previously, Coon (1955) asserted that brachycephalic
cranial morphology was likely a thermoregulatory adaptation preventing
significant heat loss in cold environments. Despite being unable to explain the
existence of brachycephlization in geographic locations that experience conditions
of severe heat, Beals et.al. (1983, 1984) agreed with Coon’s conclusions. Katz et
al. (2015) maintain that populations in colder climates tend to have larger crania
and exhibit brachycephalic cranial shapes. According to Nowaczewska et al.
(2011), colder environments may exert a stronger influence on cranial
morphology than hotter environments. The authors assert that broader cranial
base breadths are highly correlated with colder environmental temperatures to a
greater extent than other morphological aspects of the neurocranium
(Nowaczewska et al., 2011). Therefore, as an adaptation to “cold-stress,” the
breadth of the cranial base may be responsible for the brachycephalization seen in
populations that live in cold environments (Nowaczewska et al., 2011). In a study
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of cranial plasticity among Peruvians, Stone et al. (2015) assert that although
facial morphology remains relatively constant, certain aspects of facial
morphology are strongly correlated with climate. Conversely, Okazaki (2010)
rejected thermoregulatory adaptation and reduced masticatory stress as causative
factors for the prior trend of brachycephalization seen in the Japanese.
Based on the literature, it is evident that a majority of researchers contend
that higher socioeconomic status, improvements in childhood nutrition, reductions
in childhood morbidity, and decreased masticatory stress are likely among the
primary causative factors responsible for neurocranial and craniofacial secular
changes in morphology. With the exception of reduced masticatory stress, what is
important to note is that the above factors are all likely contributors to trends of
lower infant and childhood morbidity and mortality rates and increased stature in
modern populations (Bawkin, 1964; Malina, 1979; McCullough and McCullough,
1984; Tanner, 1987; Tanner, 1992; Schmidt et al., 1995; Joseph et al., 2000;
Komlos, 2001; Komlos and Baur, 2004). It is also strongly believed that these
same factors are responsible for secular increases in growth tempo before and
after birth and for the associated increases in fetal and infant size (Bakwin, 1964;
Angel, 1976; Tanner, 1987; Li et.al., 1990; Tanner, 1992; Alexander et al., 1999;
Allen et al., 2000; Ananth and Wen, 2002; Li et al., 2004; Schack-Nielsen et.al.,
2006; Bralić etl.al., 2006; Demerath et al., 2007; Hindmarsh et al., 2008). While
socioeconomic factors are often suggested as being a proximate cause of secular
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changes, Schmidt et al. (1995) assert that socioeconomic factors indirectly impact
infant morbidity, growth, and mortality because they act through primary
biological factors such as nutrition and infection prevalence.
The possibility that genetics (heritability) may be a causative mechanism
that contributes to cranial, skeletal, and somatic secular trends tends to be
excluded and sometimes negated in the literature (Hunter and Garn, 1969; Hinton
and Carlson, 1979; Smith et al., 1986; Cole, 2000). In his review of the literature
concerning secular changes in growth, Cole (2000) concluded that because the
time scale of secular trends is short, changes to the gene pool of a population are
unlikely. Cole (2000) asserts that the role of genetics is “unlikely to be important
for the secular trend” regarding current secular increases in stature.
In opposition to this view, some researchers have acknowledged that
genetics could contribute more to the secular changes being observed than
previously thought. Concerning growth and development, Demerath et al. (2007)
found that patterns of infant weight and weight gain were highly heritable and
strongly familial based. Other researchers have concluded that characteristics of
adolescent growth, including timing of the adolescent growth spurt were highly
heritable (Bock, 1978; McCullough and McCullough,1984; Czerwinski et al.,
2007).
It is slightly curious and surprising that heritability has been
acknowledged slightly more as a contributor to secular changes in body size,
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patterns of growth, and stature as opposed to cranial morphology seeing as
offspring commonly exhibit familial resemblance in their facial characteristics;
however, there are a few exceptions to this in the literature. Sparks and Jantz
(2002) identified high heritability estimates in the family data during their
reanalysis of Boas’ data, and concluded that the majority of the phenotypic
variation observed in head length and breadth measurements could be attributed
to genetic rather than environmental factors. Moreover, despite American Blacks
and Whites experiencing somewhat similar environmental conditions over time,
patterns of cranial variation among those ethnic groups remain distinctive and
cranial shapes have failed to morphologically converge into a common
“American” shape (Sparks and Jantz, 2002).
While Ohno et al. (2016) ultimately attributed changes in alveolar
prognathism in the Japanese to a reduction in masticatory stress, the authors
contend that genetic factors are indeed related to secular changes in cranial
morphology within populations. Little et al. (2006) also assert that recent trends
of facial narrowing and brachycephalization seen in children living in Oaxaca,
Mexico is due to a combination of environmental and genetic factors. A recent
study investigating heritability estimates of aspects of the craniofacial complex
conducted by Šešelj et al. (2015) identified that the influence of genetics on trait
variation was similar throughout the cranium. However, the authors concluded
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that heritability estimates for neurocranial morphology were higher than those
found for the basicranium and for facial morphology (Šešelj et al.,2015).
Embryological development and growth of the cranial base appears to be
under strong genetic control and minimally influenced by the environment (Nie,
2005; Sperber, 2001). The utilization of cranial base landmark measurements for
the identification of genetic distances among several subadult populations serves
to corroborate Sperber’s and Nie’s assertions (Dalal and Smith, 2015).
Conversely, Sperber (2001) argues that the development and growth of the cranial
vault and facial bones are strongly affected by environmental conditions and
under modest genetic control. The precise extent as to which is the greater
contributor to phenotypic changes, genetics or the environment, is still unknown
and continues to be debated.
Two highly plausible factors that are noticeably almost absent from
discussion in the literature which may actually aid in bridging the gaps between
improved environmental conditions, heritability, and cranial, skeletal, and somatic
secular trends in modern populations are relaxed selection and epigenetics (Angel,
1976; Jantz and Meadows Jantz, 2000; Jantz, 2001; Little et al., 2006; Ho and
Burggren, 2010; Bogin, 2013; Simeone and Alberti, 2014; Holliday, 2006).
Relaxed selection as an outcome of the recent trend toward lowered infant and
child mortality should be considered a reasonable causative factor. Many
neonates, infants, and children that survive today due to modern medical
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interventions and advancements would have died as of result of 19th century
lifestyle conditions. Increases in infant and childhood survivability as a result of
relaxed selection during the 20th century would expectedly have an influence on
the genetic variability in a population through the creation of a larger or altered
gene pool (Angel, 1976; Jantz and Meadows Jantz, 2000; Jantz, 2001). Thus,
relaxed selection may be partially accountable for currently unrecognized genetic
differences in growth potential which are currently being observed as secular
trends believed to be caused primarily by the environment (Jantz and Meadows
Jantz, 2000; Jantz, 2001).
Introduced in 1956 by Conrad Waddington, epigenetics is not a new
biological concept. However, discussion and application of this concept in
growth and development and secular change studies is fairly recent (Ho and
Burggren, 2010; Bogin, 2013; Simeone and Alberti, 2014). According to
epigenetic theory, phenotypic characteristics and non-genomic factors that have
the ability to alter the phenotype of offspring are transmitted between generations
without modification of genetic sequences (Ho and Burggren, 2010). Phenotypic
modification of the offspring during development is dependent on whether
parental and/or environment conditions act on those non-genomic factors such as
histone modification, DNA methylation, or non-coding RNA which have the
ability to activate or inactivate certain genetic sequences (Ho and Burggren, 2010;
Holliday, 2006). Holliday (2006) suggests that arrangements of non-genomic
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factors which determine whether genes are activated or inactivated, such as
patterns of DNA methylation, could also be heritable. Because environmental
conditions act on non-genomic factors that dictate phenotypic expression,
environment changes consequently have the ability to facilitate changes in
phenotypic expression (Holliday, 2006). This interaction also allows for the
reversal of phenotypic changes during environmental transitions (Holliday, 2006).
In their study of epigenetics and stature, Simeone and Alberti (2014) state
that 90% of the variation seen in human stature may be explained by genetic
factors rather than environmental conditions. The authors assert that in
conjunction with the numerous genes that code for height there are also many key
epigenetic regulators for the expression of those particular genes that control
stature (Simeone and Alberti, 2014). Particular regulators such as DNA
methylation patterns may actually be acting as transgenerational hereditary traits
(Simeone and Alberti, 2014). Because DNA methylation patterns can be affected
by environmental conditions in utero and during early development, they can
modulate functionality of the genome without altering genetic sequences
(Simeone and Alberti, 2014). Thus, secular changes in stature that are being
observed over generations in numerous populations may indeed be due to
improved environmental conditions. However, the proximate cause of these
secular increases is the transgenerational inheritance of DNA methylation patterns
that are acting on the genes that control stature (Simeone and Alberti, 2014).
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Neurocranial, Basicranial, and Craniofacial Development and
Growth
In order to fully appreciate the secular changes that are occurring in
human cranial shape it is necessary to discuss neurocranial, basicranial, and
craniofacial development and growth for a number of reasons. The adult cranial
form results from a complex process which involves regional morphological,
physiological, and functional integration of bone and its surrounding tissues
during development and growth (Lieberman et al., 2000; Lieberman, 2011).
Despite the complexity of the interactions that occur during the developmental
process, functionality along with a high degree of variability in shape is achieved
(Lieberman 2011).
Cranial formation and growth occurs in three-dimensions as a
simultaneous developmental process, yet variations in the tempo of growth occur
across its regions (Sperber, 2001). Because differences in growth tempo exist,
portions of the cranium could be differentially affected by environmental
conditions, epigenetics, and genetics (Lewin et. al., 1973; Angel, 1982;
Lieberman, 1998; Lieberman et al., 2000; Sperber, 2001; Jantz, 2001; Little et. al.,
2006; Abu Dalou et al., 2008; Okazaki, 2010; Lieberman, 2011). According to
Lieberman (2011), epigenetic interactions occur during every stage of cranial
development which includes embryological patterning, morphogenesis, and
growth in order for the head to become a functionally integrated unit that still
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accommodates a degree of variability in size and shape. Signaling and inductive
interactions between cells and tissues during pre- and postnatal development are
critically important for cell differentiation, in addition to the correct architectural
formation, placement, and growth of skeletal structures and spaces (FranzOdendall, 2011; Lieberman, 2011). Although some epigenetic mechanisms that
may have an effect on initial bone formation, subsequent growth, and phenotypic
variation have been identified, many more processes are not completely
understood and it is assumed that many other processes have yet to be identified
(Franz-Odendall, 2011). Rather than considering cranial bone shape to be merely
an outcome of the soft tissues that it surrounds or encapsulates, Lieberman (2011)
suggests the use of an “integrated functional matrix model” which allows for the
consideration of reciprocal epigenetic interactions between both skeletal and nonskeletal tissues of the head. Bones that form endochondrally, such as the
basicranium, may be less susceptible to the epigenetic effects of adjacent tissues
than those that ossify intramembranously (Hallgrímsson et al., 2007; Lieberman et
al., 2000).
Neurocranial formation and growth is understood by many to follow
different developmental and temporal trajectories than that of facial formation and
growth (Van Limborgh, 1972; Ingervall and Lewin, 1974; Enlow and Moyers,
1982; Jantz and Meadows Jantz, 2000; Lieberman et al., 2000; Jantz, 2001;
Jeffery and Spoor, 2002; Little et al., 2006; Okazaki, 2010; Weisensee and Jantz,
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2011). Development and subsequent growth of the basicranium and
neurocranium are precocious in comparison to that of the facial skeleton (Enlow
and Moyers, 1982; Scheuer and Black, 2004). Sperber (2001) maintains that
among functional cranial systems the neurocramium experiences the fastest rate
of growth due to rapid brain development, the midfacial region follows due to
establishment of the nasal airway system, and the bones associated with
mastication are the last elements to mature. According to Lieberman et al. (2000),
approximately 95% of facial growth is complete by 16-18 years of age while the
neurocranium and basicranium reach adult proportions much earlier. Although
Lieberman et al. (2000) assert that the basicranium is the first portion of the
cranium to reach adult proportions, Neubauer et al. (2009) found that the cranial
vault attains adult form prior to that of the cranial base.
Although the neurocranium and the face are composed of functionally
different cranial components, their interconnection makes it somewhat reasonable
to assume that the shape and growth potential of one portion of the cranium will
influence the growth and shape of other aspects (Enlow and Moyers, 1982;
Kouchi, 2000; Sperber, 2001; Lieberman et al., 2000). According to Enlow and
Moyers (1982), the process of normal cranial growth as a whole is not
developmentally balanced as regional relationships exist among the cranial
skeletal elements. Variation in regional cranial form and regional imbalances
should be considered part of the normal developmental process as regional
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imbalances tend to be compensated for by adaptive growth in order to maintain a
functional equilibrium (Enlow and Moyers, 1982). They further assert that the
face should not be considered structurally or developmentally independent of the
cranial base because cranial base structure and morphology should act as a
template for the face and will therefore influence the morphology, structure, and
placement of the face (Lieberman et al., 2000; Enlow and Moyers, 1982).
According to Enlow and Moyers (1982), those with a dolichocephalic
head form have a brain that is correspondingly horizontally long and narrow, and
flexure of the middle and anterior cranial floor is more open which results in a
flattened cranial base. The forward rotation of the basicranium produces an
anterior protrusion of the entire nasomaxillary complex (Enlow and Moyers,
1982). In contrast, those with a brachycephalic head shape have a brain that is
rounder, shorter, and wider (Enlow and Moyers, 1982). The flexure of the cranial
base in brachycephalic crania is more closed which produces a cranial base that is
more vertically inclined which decreases the horizontal dimension of the middle
cranial fossa (Enlow and Moyers, 1982). This flexure also results in a more
posterior placement of the maxillae (Enlow and Moyers, 1982). Lieberman et al.,
(2000) maintain that the correspondence of facial width to that of cranial base and
neurocranial widths as hypothesized by Enlow and Moyers (1982) is only
marginally substantiated. In their study, Lieberman et al. (2000) identified a weak
correlation between narrowness of the face and the cranial vault and base, and

35

concluded that this correspondence may only be a propensity and likely due to a
high degree of interpopulational variability.
While all bones of the cranium ossify intramembranously in embryonic
connective tissue (mesenchyme), portions of the occipital, temporal, and sphenoid
also form by way of endochondral ossification (Friede, 1981; Sperber, 2001;
Scheuer and Black, 2004). During intramembranous ossification, initial bone
formation and growth occurs as osteoid matrix (osseous tissue) is deposited
directly into osteogenic membranes (Sperber, 2001). The accretion of bone
radiates outward from a primary center of deposition and consecutive layers of
osteoid matrix are deposited upon previous layers of immature mineralized bone
(primary spongiosa) during the process (Scheuer and Black, 2004; Sperber, 2001).
According to Sperber (2001), the process of intramembranous bone formation is
rapid in comparison to that of endochondral ossification.
Endochondral ossification requires formation of a hyaline cartilage model
of a future bone prior to osteogenesis (Sperber, 2001). Endochondral bone
growth is three-dimensional as bone expands outward from initial sites of
ossification located within the hyaline cartilage anlage (Sperber, 2001; Scheuer
and Black, 2004). During endochondral ossification, bone growth is indirect as
chondrocytes (cartilage cells) within the model of the future bone begin to
hypertrophy and die creating open spaces within the model that are then filled
with osteoid matrix (Scheuer and Black, 2004; Sperber, 2001). Continued bone
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formation and growth in size is dependent on the retention and expansion of the
precursory cartilaginous template (Sperber, 2001).

Neurocranial Development and Growth
The bones of the neurocranium include the frontal, parietals, the squamous
portions of the temporals, and the supra-nuchal region of the occipital bone
(Sperber, 2001). Osteogenesis of the membranous neurocranium (also referred to
as the desmocranium) consists of intramembrous ossification of the ectomeninx
membrane which covers the brain (Sperber, 2001). The ectomeninx membrane
differentiates during development into an inner layer which becomes the dura
mater and an outer layer containing osteogenic cells that will give rise to the
bones of the cranial vault (Friede, 1981; Sperber, 2001).

According to Sperber

(2001), the dura mater determines the shape of the neurocranial bones because
expansion of the developing brain is constrained by the fibrous bands of the dura
mater. The desmocranium begins to appear as lateral curved plates of
mesenchyme at the end of the 4th week of intrauterine development (Scheuer and
Black, 2004). These plates expand superiorly towards each other over the
developing brain and inferiorly towards the developing cranial base (Scheuer and
Black, 2004).
The frontal bone initially appears as a pair of bones with single
ossification centers during the 8th week of intrauterine development (Sperber,
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2001; Scheuer and Black, 2004). The squamous portion and the tympanic ring of
the temporal bone begin to ossify during the 8th week of intrauterine development
(Sperber, 2001; Scheuer and Black, 2004). The remainder of the temporal bone
ossifies endochondrally (Sperber, 2001). Ossification centers for the parietal
bones and the supra-nuchal squamous portion of the occipital bone also appear
during the 8th week of intrauterine development (Sperber, 2001; Scheuer and
Black, 2004).
Development of the bones of the cranial vault is dependent on the
formation of the brain (Sperber, 2001). This dependence results in a rapid tempo
of early bone formation and growth that is concurrent with the rate of
development of the brain; thus, a complete lack of cranial vault formation will
result if the brain fails to develop (Sperber, 2001; Scheuer and Black, 2004).
Growth of the neurocranial bones consists of ectocranial surface apposition and
endocranial surface remodeling, outward bone displacement due to expansion of
the brain, and growth at sutures (which predominates until approximately age 4)
(Enlow and Moyers, 1982; Sperber, 2001). The displacement of the neurocranial
bones due to brain expansion results in circumferential growth at the sutural edges
of the bones as new bone is deposited (Enlow and Moyers, 1982). Growth and
enlargement of the upper half of the neurocranium mainly results from the
deposition of bone at sutural edges (Lieberman et al., 2000).
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At birth, the neurocranial bones have an unambiguous morphology
although they lack diploë and are unilaminar (Sperber, 2001). Formation of the
diploë, inner table and outer table of the neurocranial bones begins around 4 years
of age (Sperber, 2001). By 6-7 years of age cerebral growth in size begins to
cease and thickening of the bones continues mainly as a result of ectocranial
remodeling (Sperber, 2001). According to Sperber (2001), the size and shape of
the cranial vault is dependent on internal tensional pressures on the bone exerted
by the expansion of the brain during development and early growth. According to
Okazaki (2010), during infancy the magnitude and direction of increasing head
breadth predominates as the direction of growth until approximately 1 year of age
when the predominant vector shifts to increases in head length. According to
Lieberman et al. (2000), cranial base breadth has the capacity to significantly
influence neurocranial dimensions by constraining its breadth, but not its length or
height. Growth in the size of the neurocranium nearly doubles in size by 12
months of age, is approximately 75% complete by 2 years of age and almost 95%
complete by 10 years of age (Sperber, 2001; Scheuer and Black, 2004; Krimmel
et al., 2015).

Basicranial Development and Growth
The cranial base forms primarily from endochondral ossification and its
cartilaginous precursor is referred to as the chondrocranium (Enlow and Moyers,
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1982; Sperber, 2001; Scheuer and Black, 2004). Formation of chondrocranium
begins in the occipital region during the 4th week of intrauterine development and
is less dependent on the presence of neurological structures than that of the
neurocranium (Sperber, 2001; Jeffrey and Spoor, 2002; Scheuer and Black, 2004).
Initial development of this structure progresses in an anterior direction and it
begins to chondrify as a “basal plate” at the beginning of the 2nd month of
intrauterine development (Sperber, 2001; Scheuer and Black, 2004). The basal
plate consists of a continuous, but incomplete cartilaginous anlage that consists of
the basilar, lateral, and infra-nuchal squamous portions of the occipital bone, the
otic capsules (petrous portions) of the temporal bones, the sphenoid bone, the
ethrmoid bone, and the inferior nasal conchae (Sperber, 2001; Scheuer and Black,
2004).
The chondrocranium ossifies in a posterior to anterior direction with
ossification centers first appearing in the occipital area during the 2nd month of
embryonic development (Scheuer and Black, 2004; Jeffery and Spoor, 2004).
The ossifying chondrocranium and desmocranium join to form the neurocranium
(Sperber 2001). Ossification of the medial aspect of the anterior cranial base
typically does not begin until after birth (Enlow and Moyers, 1982). Growth of
the basicranium results from continued expansive growth of the cartilage anlage
precursor and that of the brain causing bone displacement at suture lines (Sperber
2001). Unlike the neurocranium, the cartilaginous template precursor for the
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cranial base is not dependent on the presence of the brain for structural
development, and initial basicranial development does not seem to be influenced
by brain size or shape; (Jeffery and Spoor, 2002; Enlow and Moyers, 1982).
During early postnatal ontogeny, the shape of the endocranial surface of the
basicranium may be influenced by the developing brain (Neubauer et al., 2009).
Elongation and expansion of the cranial base in the sagittal plane is due to
cartilage expansion and bone formation at the sites of the sphenofrontal,
frontoethmoid, and sphenoethmoid sutures (Sperber 2001). Expansion and
growth at the frontoethmoid, and sphenoethmoid sutures cease to contribute to
cranial base elongation after approximately 7 years of age (Sperber 2001).
The cranial base may be divided into anterior and posterior portions as
these segments are derived from different embryological tissues and experience
independent growth trajectories (Nie, 2005). Although growth of the cranial base
is relatively stable and more conservative compared to that of the cranial vault
and facial bones, the tempo of ossification and growth of the anterior and
posterior portions of the cranial base are highly asymmetrical and reflect the
uneven rate of formation of portions of the brain (Sperber 2001). The cerebellum
begins to develop later than the cerebrum, but expands rapidly and completes
growth earlier than other portions of the fetal brain (Jeffery and Spoor, 2002).
According to Neubauer et al. (2009), the posterior cranial fossae develop during
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the first postnatal year of life. However, growth of the anterior cranial base
outpaces growth of the posterior cranial base (Nie, 2005).
Throughout fetal development, there is a sevenfold increase in anterior
cranial width and length, while the posterior cranial base only increases fivefold
in these dimensions (Sperber, 2001). According to Jeffery and Spoor (2002),
there is only an approximate twofold increase in anterior cranial base length
compared to posterior cranial base length increase during development.
Regardless, rapid postnatal growth of the cranial base during the first 2 years also
follows a neural growth trajectory as it corresponds to the pace of neurocranial
expansion and growth (Krimmel et al., 2015; Lieberman et al., 2000). Sgouros et
al. (1999) identified that growth of the anterior cranial fossae, middle fossae, and
posterior fossae are most rapid during the first 5 years of life; however, there are
regional differences in male and female patterns of growth. During early
childhood growth, males exhibit rapid growth of the anterior fossae, while the
middle and posterior fossae grow more rapidly in females (Sgouros et al., 1999).
Although the anterior cranial base may experience rapid growth early in
childhood, according to Afrand et al. (2014), anterior cranial base continues to
increase length throughout adolescence and past puberty. This increase in length
is due to increases in the size and thickness of glabella, expansion of the frontal
sinuses, and an anterior shift of nasion (Afrand et al., 2014).
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Although it is not believed to be a major contributor to cranial base length
during prenatal development, the spheno-occipital synchondrosis allows for
expansion of the bones of the maxilla and is known to be a major contributor to
postnatal midline cranial base growth in length (Enlow and Moyers, 1982;
Sperber 2001). This joint undergoes a “pressure-adapted” process of growth and
supports the weight of the face and brain during growth (Enlow and Moyers,
1982). Appositional bone growth on the cartilage model of the vomer indirectly
contributes to the growth of the size of the face in both forward and downward
directions (Sperber, 2001; Scheuer and Black, 2004).
Fluctuations in cranial base angulation occur frequently during fetal
development due to the rapidity of brain growth and the extension of the neck
region and are likely more related to age than brain size (Diewert, 1983; Diewert
1985; Lieberman et al., 2000; Sperber 2001; Jeffery and Spoor, 2002; Scheuer
and Black, 2004). According to Lieberman et al. (2000), flexion of the
basicranium during development occurs at the spheno-ethmoid, mid-sphenoid,
and spheno-occipital synchondoses, and is autonomous of cranial base length and
endocranial volume (Lieberman et al., 2000). Jeffery and Spoor (2004)
alternatively assert that the cranial base undergoes retroflexion at the midsphenoid synchondrosis in association with changes in the length and height of
the sphenoid during fetal development which also indicates a linkage between the
basicranium and anterior facial projection. May and Sheffer (1999) note that
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internal cranial flexion decreases somewhat during growth thus supporting the
conclusion made by Jeffery and Spoor (2004). There is also evidence that the sella
turcica may undergo a posterior and downward movement during growth (Afrand
et al., 2014).
According to Lieberman et al. (2000), basicranial growth in breadth,
length, and flexion occur independently of one another, and the size of each
dimension does not seem to influence the proportion of the other aspects. While
the cranial base flexes throughout the first 6 years of growth, angulation of the
cranial base is not dependent on other dimensions of the cranial base, overall
cranial size, and endocranial volume (Lieberman et al., 2000). However,
Hallgrímsson et al. (2007) assert that the shape and width of the face and
neurocranium are not completely independent of variations in basicranial width
and angulation. Once the brain has nearly attained adult size during adolescence,
changes in endocranial shape are no longer associated with neural growth but are
likely associated with craniofacial development (Neubauer et al., 2009). Nie
(2005) asserts that the basicranium influences craniofacial growth to a
considerable degree, and the anterior cranial base may play a larger role than the
posterior cranial base due to its direct connection to the craniofacial complex.
Per Enlow and Moyers (1982), cranial length is approximately 60-65%
complete at birth. Cranial length reaches 90% of adult size by the age of 5 years,
and between 5-8 years of age of approximately 90% of adult brain weight has
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been obtained (Enlow and Moyers, 1982). Approximately 98% of adult braincase
length has been obtained by 15 years of age (Enlow and Moyers, 1982; Farkas et
al., 1992a, b).

Craniofacial Development and Growth
The craniofacial skeleton (also referred to as the viscerocranium and the
splanchnocranum) may be divided into thirds consisting of an upper, middle, and
lower region (Sperber, 2001). Because the upper third of the facial skeleton
consists of the frontal bone(s), it is primarily neurocranial, and undergoes the
most rapid tempo of growth reaching adult proportions during childhood with no
significant increase in size after 12 years of age (Sperber, 2001). The middle third
of the facial skeleton consists of elements that comprise nasal area which
incorporates portions of the cranial base and the masticatory apparatus
(zygomatics, maxillae, and maxillary dentition) and is the most skeletally
complex portion (Sperber, 2001). The mandible and mandibular dentition
comprise the lower third (Sperber, 2001).
During embryonic development, the facial area begins to organize towards
the end of the 4th week and basic facial morphology is delineated between the 4th
– 10th weeks (Diewert, 1985; Scheuer and Black, 2004). The bones of the face
develop via intramembranous ossification (Sperber, 2001; Scheuer and Black,
2004). Intramembranous ossification sites for the maxilla and mandible begin to
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appear during the 7th week of intrauterine development, followed by ossification
sites for the nasal bones, lacrimal bones, medial pterygoid plates of the sphenoid,
the vomer, and the zygomatic bones during the 8th week (Sperber, 2001).
As stated previously, facial growth is outpaced by that of vault growth as
the rapidity of growth of the cranial vault is concurrent with pre- and postnatal
neural development and growth and intramembranous ossification rates (Sperber,
2001; Scheuer and Black, 2004). Although the facial complex is separated from
the brain by the chondrocranium, there is evidence of mechanical and complex
molecular interactions between the face and brain during embryological and fetal
development (Radlanski and Renz, 2006; Parsons et al., 2011;). Parsons et al.
(2011) identified a strong correlation between facial shape and brain shape and
concluded that the midfacial region and forebrain demonstrate “morphological
covariation” during embryological development of the face. According to
Hallgrímsson et al. (2007), the basicranium acts as principal integrator indirectly
transmitting variation between the face and neurocranium. Although some
characteristics of facial shape have been found to have weak partial correlations
with the shapes of the neuro- and basicranium, Hallgrímsson et al. (2007)
maintain there is strong covariation among the shape of the face shows and that of
the neurocranium and the basicranium. Further, the authors assert that there are
likely epigenetic factors that act as developmental constraints on cranial
phenotypic variation (Hallgrímsson et al., 2007).

46

According to Sperber (2001), the influence of the chondrocranium on
facial growth is determined by the anteroinferior connection of the facial complex
to that of the cranial base. In addition, formation and growth of the nasal cavity
and growth of the eyes also have a significant influence on facial form (Sperber,
2001). The cartilage of the nasal septum expands its vertical growth sevenfold
throughout fetal development and directs facial increasing growth in both
downward and forward directions (Sperber, 2001). The growth of the nasal
septum influences the development of other facial bones as it generates expansive
forces which maintain separation of the frontonasal, frontomaxillary,
frontozygomatic, and zygomaticomaxillary sutures during development thus
allowing for sutural growth in these areas (Sperber, 2001).
The growth of the eyes is rapid as they follow a neural pattern of growth
(Sperber, 2001). The rapid growth and enlargement of the eyes generates an
expansive force that separates the frontomaxillary and frontozygomatic sutures
therefore contributing to cranial height (Sperber, 2001). Approximately half of
orbital growth is completed by 2 years of age and adult dimensions are reached by
approximately 7 years of age (Sperber, 2001).
Maxillary development and growth is a complex process as growth and
expansion of these bones is also dependent on forces exerted by surrounding
structures (Sperber, 2001). Growth of the nasal portions of the maxillae is also
dependent on the growth and expansion of the nasal septum and cavity, while the
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superior portions of the maxillae that form the orbital floors are reactive to growth
of the eyes (Sperber, 2001). The growth of the alveolar portion of the maxillae is
dependent upon the dentition (Sperber, 2001).
Because each facial bone develops and grows independently as discrete
units but are also constrained, dependent, and influenced by formation and growth
of surrounding elements it is necessary to briefly discuss the functional forces at
work during the facial growth process. Growth of the cranium as a whole consists
of primary and secondary bone displacement and remodeling (Enlow and Moyers,
1982). Primary displacement refers to the movement of a bone away from others
in direct contact during the process of bone growth (Enlow and Moyers, 1982).
As new bone is deposited via osteoblastic activity in the surrounding periosteum,
a bone grows and enlarges appositionally while simultaneously being pushed in
the opposite direction by the growth of its surrounding soft tissues (Enlow and
Moyers, 1982). Secondary displacement refers to the movement of a bone as a
result of the enlargement (growth) of other bones adjacent and sometimes distant
to that bone (Enlow and Moyers, 1982). Growth in one aspect of the cranium will
affect or be related to growth of other structural cranial “counterparts” (Enlow and
Moyers, 1982). This unique pattern of growth is responsible for the relative
position of each cranial element and ultimately contributes to the morphology and
function of each of the cranial bones (Enlow and Moyers, 1982).
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Displacement occurs at sites of sutures (Enlow and Moyers, 1982). The
sutures of the neurocranium and craniofacial complex allow for bone enlargement
and expansion during the postnatal growth process (Opperman, 2000). According
to Opperman (2000), although it remains uncertain as to which tissues and
signaling factors are responsible for initial suture formation, sutural edges are the
major sites of bone growth during craniofacial development. New bone
deposition at sutural edges occurs as a response to the expansion of underlying
and surrounding tissues during the growth process (Opperman, 2000). Although
the dura mater is significantly osteogenic and therefore understood to play major
role in initial cranial bone formation, once suture formation has occurred, the dura
mater may become altered and no longer capable of signaling bone formation at
sutures (Opperman, 2000).
The directionality of growth of the each of the bones comprising the
craniofacial complex is dependent on functional forces which result in
displacement allowing for sutural growth, and surface accretion of bone during
formation and expansion (Enlow and Moyers, 1982; Sperber, 2001; MartinezMaza et al., 2013). Enlargement of the anterior cranial fossae due to frontal lobe
expansion results in a forward drift or displacement of the facial bones as the
spaces between the sphenofrontal, sphenoethmoidal, frontoethmoidal,
frontotemporal, and frontozygomatic sutures expand (Enlow and Moyers, 1982;
May and Sheffer, 1999a). The temporozygomatic suture expands and grows in a
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predominately anteroposterior direction due to longitudinal growth of the sphenooccipital synchodrosal cartilage and the brain (Sperber, 2001). As the maxillae
shifts anteriorly due to forward expansion of the frontal, the zygomatic bones shift
anteriorly and inferiorly (Enlow and Moyers, 1982). However, this bone relocates
posteriorly and laterally as a result of resorption during growth (Enlow and
Moyers, 1982). The nasomaxillary suture also grows in a horizontal direction as a
result of the anteroposterior expansion of the nasal septum (Sperber, 2001).
Expansion of the nasal septum and eyes produce vertical displacement and allow
for subsequent growth at the frontomaxillary, frontonasal, frontozygomatic,
frontoethmoid, and ethmoidomaxillary sutures (Sperber, 2001). Rapid growth of
the eyes also contributes to displacement of the zygomaxillary sutures resulting in
lateral growth of the face (Sperber, 2001). Intermaxillary sutural growth
contributes to lateral facial expansion (Sperber, 2001). Expansion of the nasal
septum (vomer and ethmoid), the frontozygomatic and frontomaxillary sutures
and formation of the maxillary alveolar margin each contribute to growth in facial
height (Sperber, 2001). Growth of the ethmoid may have a stronger association
with facial growth than to neurocranial growth (Bastir et al., 2006).
The neurocranium follows a neural pattern of growth, and thus expands
rapidly in size and reaches adult proportions during early childhood with no
increase in size during the adolescent growth spurt (Nahhas et al., 2014). In
contrast, growth of the facial complex follows a somatic pattern of growth
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resulting in rapid growth during the first year followed by deceleration during
early childhood and then another period of high velocity growth during the
adolescent growth spurt (Nahhas et al., 2014). The slower pace of craniofacial
growth has also been postulated to be as a result of its association with
mastication, (Sperber, 2001; Scheuer and Black, 2004; Bastir et al., 2006). In
comparison to the upper third, growth of the lower two-thirds of the face does not
cease until late adolescence (Sperber, 2001). Bastir et al. (2006) assert that while
the midline neurocranium reaches maturation between 9-10 years of age, the
maturation in shape of the craniofacial regions occurs at different ages. The
midline cranial base reaches maturity between the ages of 7-8 years, followed by
the lateral middle cranial fossae at 3 to 4 years later, and lastly the facial and
mandibular structures around 15-16 years of age (Bastir et al., 2006). Laowansiri
et al. (2012) maintain that the growth rates for the maxilla and anterior cranial
vault growth reach their peak velocity during the first year of infancy and then
begin to slow over the first 4 postnatal years. Vertical facial growth begins to
outpace anteroposterior facial growth during late childhood and adolescence
(Laowansiri et al., 2012). According to Baume et al. (1983), the tempo of vertical
facial growth more closely parallels that of stature growth than the velocity of
growth in head height. Females have been observed to reach maturation of the
neurocranium and craniofacial complex earlier than males across all age groups
(Farkas et al., 1992a, b; Laowansiri et al., 2012; Nahhas et al., 2014).
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Chapter 3
Description of Sample Data
Two different samples of cranial morphometric data were individually
employed for separate analyses in order to investigate changes in American White
craniofacial and anterior cranial base shape. The first sample consisted of
digitized three-dimensional coordinate cranial landmark data obtained from n=
662 White males and females with birth years spanning from 1843 to 1990. A
detailed summary of these data partitioned by skeletal collection, sex, and birth
years is provided in Table 1. These data were used to investigate changes in
craniofacial and anterior cranial base angle shapes using software specifically
designed for three-dimensional geometric morphometric analysis. Interlandmark
distances derived from the coordinate data of this sample were also employed for
analyses of secular trends.

Table 1: Geometric Morphometric Data Sample Description
Skeletal Collection
Terry
Hamann-Todd
UT Donated
Other
Total

Sex
Male
Female
Male
Female
Male
Female
Male
Female

Birth Years
1843 – 1923
1853 – 1933
1851 – 1854
1851 – 1854
1893 – 1990
1905 – 1985
1957 – 1955
1922 – 1970

Sample Size
28
26
9
2
393
197
2
5
662
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The second set of data was comprised of traditional morphometric
craniofacial angles calculated from the sets of digitized landmark data and
traditional craniometric measurement data and consisted of a total sample size of
n=1515 White males and females with birth years spanning 1812 - 1990.
Although this data set was significantly larger than the aforementioned sample, in
several cases one or more cranial angle measurements were missing for many
individuals. In instances of missing data, those individuals were excluded from
the analysis for that particular cranial angle. Table 2 provides a summary of
cranial angle sample sizes partitioned by skeletal collection and sex.

Table 2: Cranial Angle Data Sample Description by Skeletal Collection.
Skeletal Collection
Terry
Hamann-Todd
Army Medical Museum and
Library
UT Donated
Maxwell Museum (UNM)
Louisiana State University
(FACES)
Other
Total

Sex
Male
Female
Male
Female
Male

Birth Years
1843 – 1943
1861 – 1933
1846 – 1898
1856 – 1911
1827 – 1847

Sample Size
76
50
37
63
40

Male
Female
Male
Female
Male

1893 – 1990
1905 – 1990
1906 – 1960
1907 – 1960
1936 – 1979

694
390
25
7
11

Female
Male
Female

1936 – 1973
1812 – 1982
1911 – 1990

12
71
39
1515
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These data were utilized to corroborate specific locations, degree of
change, and identify the timing of changes in craniofacial shape and anterior base
angulation identified in the initial analysis which used the digitized threedimensional coordinate cranial landmark data. Cranial landmark and angle
definitions and specific sample sizes used for the analysis of each angle are
provided in the following “Methods” chapter.
All data were made available from a craniometric database and provided
to the author of this study by Dr. Richard L. Jantz at The University of Tennessee,
Knoxville, Tennessee. Data comprising the measurement database were
originally collected by a number of researchers with demonstrated proficiency in
the digitization of cranial landmark coordinates. Persons who contributed to the
database include researchers from various locations in the United States in
addition to individuals at The University of Tennessee. These landmark
coordinate data were collected from a number of various human skeletal
collections that are often accessed as resources for the acquisition of cranial and
postcranial osteometric, morphometric, and non-metric data. A preponderance of
data used to construct the historic and modern samples used in these analyses
were obtained from crania belonging to skeletal collections which include the
Robert J. Terry Anatomical Skeletal Collection, the Hamann-Todd Human
Osteological Collection, and the W.M. Bass Donated Skeletal Collection.
Additional available digitized cranial landmark and angle data obtained from
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smaller skeletal collections and from forensic cases which contribute to the
University of Tennessee Forensic Databank were also included in order to
augment historic and modern data set sample sizes during analyses.
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Chapter 4
Methods
Two sets of data, one consisting of geometric morphometric landmark
data and the other composed of traditional landmark-based craniofacial and
cranial base angles were used in separate, yet corresponding analyses for the
examination of secular changes in the shapes of these regions.

Geometric Morphometric Analysis
Three-dimensional coordinate data was digitally captured by either the
Microscribe 3DX digitizer or the Polhemus FASTRAK Digitizer Free-Form
Digitizing System by numerous researchers. The instrument used was dependent
on the individual(s) collecting the digitized landmark coordinate data. A total of
21 standard cranial landmarks which consisted of 7 midsagittal landmarks and 14
bilateral facial landmarks were utilized for geometric morphometric analyses.
These particular landmarks were selected in order to ascertain changes in
craniofacial and cranial base shapes, and to investigate the association of changes
between these regions. The ectocranial cranial base landmark Hormion was
purposely selected to serve as a proxy for the endocranial landmark Sella so that
findings from these analyses might be considered applicable to investigations that
utilize the latter landmark. Sella, the center of the hypophyseal fossa is routinely
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utilized as a landmark in various cephalometric studies of cranial morphology
(Sathyanarayana et al., 2013). Although Sella is easily visualized in lateral
cephalometric radiographs, it cannot be digitally captured during data collection
from crania with intact vaults. As a result, Sella could not be used for these
analyses as only a modicum of digitized data for this landmark was available.
Table 3 provides a list of these specific facial and cranial base landmarks and their
definitions. Figures 1, 2, and 3 provide illustrations of each of the landmark
locations.
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Table 3: Craniometric Landmarks, Abbreviations, and Definitions.
Landmark
Alare

Abbreviation(s)
Definition
alarl, alarr
The most lateral point on the margin of the
anterior nasal aperture (Howells, 1973)

Basion

bas

The point where the anterior margin of the
foramen magnum is intersected by the
midsagittal plane (Martin, 1956; Howells,
1973)

Dacryon

dacl, dacr

The point on the medial aspect of the orbit
where the frontal, lacrimal, and maxilla
bones intersect (Wilder, 1920; Martin, 1956)

Ectoconchion

ectl, ectr

The intersection of the most anterior surface
of the lateral border of the orbit and a line
bisecting the orbit along its long axis
(Howells, 1973)

Frontomalare
anterior

fmal, fmar

The most anterior point of the fronto-malar
suture (Howells, 1973)

Hormion

hor

The median point in the suture between the
vomer and sphenoid; the median point
where the former overlaps the latter (Wilder,
1920)

marginal
process lateral

mpll, mplr

The most laterally projecting point on the
marginal process of the zygomatic (malar)
bone

Nasion

nas

The intersection of the fronto-nasal suture
and the median plane (Howells, 1973)

Opisthion

ops

The point where the posterior margin of the
foramen magnum is intersected by the
midsagittal plane (Martin, 1956; Howells,
1973)
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Table 3 (cont.)
Landmark
Prosthion

Abbreviation(s)
Definition
prosH
The most anteriorly prominent point, in the
midline, on the alveolar border, above the
septum, between the central incisors
(Howells, 1973)

Staurion

staur

The point of intersection between the
median and transverse palatine sutures

Subspinale

ssp

The deepest point seen in the profile below
the anterior nasal spine (Howells, 1973)

Zygomaxillare
anterior

zygoml, zygomr

The most inferior point on the
zygomaxillary suture (Howells, 1973)

Zygoorbitale

zygool, zygoor

The intersection of the orbital margin and
the zygomaxillary suture (Howells, 1973)
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nas
dacr

fmar

dacl

fmal

mplr
ectr

mpll

ectl
zygoor

zygomr

zygool

alarl

alarr

zygoml

ssp
prosH

Figure 1: Craniometric landmarks from anterior view of cranium. (Graphic
adapted from Moore-Jansen, Ousley, and Jantz, 1994).

60

nas
dacl

fmal
mpll
ectl

zygool
alarl
ssp

zygoml

prosH

Figure 2: Craniometric landmarks from left lateral view of cranium.
(Graphic adapted from Moore-Jansen, Ousley, and Jantz, 1994).
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staur

hor

bas

ops

Figure 3: Craniometric landmarks from inferior view of cranium. (Graphic
adapted from Moore-Jansen, Ousley, and Jantz, 1994).
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The specific digitized coordinate landmark data used for geometric
morphometric analyses were selected through the use of a program called “3D
Working” which was designed by Richard L. Jantz (2016). This program allows
the user to choose specific landmarks for analysis from a larger catalogue of
landmarks. Once particular landmarks were selected, the program extracted the
coordinate measurement data from a larger database of existing measurements
provided by the user. The data that were compiled and returned consisted of
coordinates only for individual crania for which all of the designated
measurements were available. All measurements for crania that have missing
values for any of the selected landmarks were excluded during data extraction.
The program configured the coordinate data into a format appropriate for saving
and for subsequent importation as a file into the geometric morphometric software
programs. In addition, the program calculated interlandmark distances between
all of the landmarks chosen for analysis and packaged those as a separate file
which was also utilized for analysis.
After the 21 craniometric landmarks were selected and formatted using 3D
Working (Jantz, 2016), the three-dimensional coordinate data file was imported
into the geometric morphometric software program MorphoJ version 1.06d for
analyses (Klingenberg, 2011). MorphoJ version 1.06d is a software package
utilized for geometric morphometric analysis of two-dimensional and threedimensional landmark data (Klingenberg, 2011). All 21 craniometric coordinate
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landmarks were analyzed together and then subsequently separated into 2 subsets
of data so craniofacial and anterior cranial base changes could be examined
separately. Table 4 lists the subsets and identifies those landmarks used for
craniofacial analyses and the landmarks used for the analyses of change in the
anterior cranial base. Once imported into MorphoJ version 1.06d, Procrustes
superimposition and all subsequent analyses were executed on the full coordinate
dataset and 2 data subsets so that craniofacial and anterior cranial base shape
comparisons could be made and further analyzed (Klingenberg, 2011).

Table 4: Craniofacial and Anterior Cranial Base Landmark Data Subsets
Craniofacial Landmarks
Alare (alarl, alarr)

Anterior Cranial Base Landmarks
Basion (bas)

Dacryon (dacl, dacr)

Hormion (hor)

Ectoconchion (ectl, ectr)

Nasion (nas)

Frontomalare Anterior (fmal, fmar)

Opisthion (ops)

Hormion (hor)

Prosthion (prosH)

MPL (mpll, mplr)

Subspinale (ssp)

Nasion (nas)

Staurion (staur)

Prosthion (prosH)
Subspinale (ssp)
Staurion (staur)
Zygomaxillare (zygoml, zygomr)
Zygoorbitale (zygool, zygoor)
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Generalized Procrustes Analysis
The initial application of Procrustes superimposition to the coordinate
landmark data is essential as all landmarks must be aligned into common
positions and size differences between crania eliminated before shape differences
can be examined. A three-dimensional Cartesian coordinate landmark by itself is
not indicative of cranial form or shape; rather, a coordinate landmark acts as a
corresponding biologically homologous discrete point of reference among all of
the specimens from which that data point is collected (Bookstein, 1978;
Bookstein, 1991; Webster and Sheets, 2010). Cranial form is thus expressed as an
aggregate collection and particular configuration of those numerous landmarks
(Bookstein, 1991; Webster and Sheets, 2010). Shape can then be constructed, and
shape differences identified and analyzed from the alignment of these landmarks
within a tangent space (Bookstein, 1991; Rohlf, 1999).
Procrustes superimposition, also referred to as Generalized Procrustes
Analysis (GPA), consists of a series of mathematical operations that transforms
and places multiple configurations of landmark data into a tangent non-Euclidean
shape space (Rohlf and Slice, 1990; Bookstein, 1991; Rohlf, 1999; Webster and
Sheets, 2010). Differences in the landmark configuration locations are removed
first by calculating the mean values for each of the x-, y-, and z-coordinates for all
of the landmarks in each formation (centroid) so that each coordinate mean is
equal to zero (Bookstein, 1991; Rohlf, 1999; Webster and Sheets, 2010). The
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centroid is then utilized as the point of origin for the configurations within a new
common coordinate system (Bookstein, 1991; Webster and Sheets, 2010). Unit
centroid size, calculated as the “square root of the sum of the squared distances
between each landmark” (Webster and Sheets, 2010:169) and its centroid, is then
used to rescale so that centroid size = 1 for each landmark formation in order to
remove size differences between the configurations (Bookstein, 1991).
Landmark configurations are then collectively aligned by rotating the
landmarks of each configuration around its centroid until the sum of squared
distances among the formations is minimized (Rohlf and Slice, 1990; Bookstein,
1991; Webster and Sheets, 2010). The distance between corresponding
landmarks among specimens is referred to as the Procrustes distance, and it is
calculated as the square root of the sum of squared distance between all
corresponding landmarks (Webster and Sheets, 2010; Klingenberg, 2016). The
objective during rotation is to optimally minimize the Procrustes distances among
configurations while aligning all configurations to that of the average
configuration (Rohlf, 1999; Webster and Sheets, 2010). Once the coordinate
landmark positions have been transformed to common locations, rescaled to unit
centroid size, and an optimal least-squares alignment is obtained, any remaining
observable differences among corresponding coordinate landmarks are the result
of shape differences (Bookstein, 1990; Webster and Sheets, 2010). Although the
resulting landmark configurations reflect shape, these shapes exist in a curved
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space (Kendall’s shape space) and must be projected into a tangent space that is a
linear approximation to that of the curved space in order for multivariate analyses
of shape to be executed (Bookstein, 1990; Rohlf, 1999; Webster and Sheets,
2010).
Rather than a partial superimposition, MorphoJ version 1.06d employs a
full Procrustes superimposition and places transformed data into the tangent space
using an orthogonal projection (Klingenberg, 2011). The full Procrustes fit is less
sensitive to the presence of outliers in the data because less weight is placed on
measures that fall far outside the average shape (Klingenberg, 2011). After
performing the Procrustes superimposition, a regression of log centroid size on
year of birth was executed in order to test for the presence of changes in
craniofacial and anterior base size over time. The log centroid size data was
exported from MorphoJ version 1.06d (Klingenberg, 2011), formatted in
Microsoft Excel (2016), and then analyzed using RStudio version 1.0.153 so that
a regression line could be fit to the data (RStudio Team, 2015).

Principal Components Analysis
Subsequent to the execution of the GPA and the creation of a variancecovariance matrix, principal components analysis (PCA) was performed on the
landmark data as a means of investigating the patterns of maximum variance in
craniofacial and anterior cranial base shapes. The application of PCA is a
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conventional statistical technique employed for geometric morphometric and
traditional morphometric landmark data analyses, and it is also considered an
established method in other scientific disciplines for the analysis of secular trends
and time series data (Horel, 1981; Reyment, 1985; Fung, and LeDrew, 1987;
Ogallo, 1989; Rohlf and Slice, 1990; Bookstein, 1991; Webster and Sheets, 2010;
Polly et al., 2012).
For landmark data, the use of PCA facilitates better visualization and
subsequent multivariate analyses easier since the dimensionality of the data is
reduced (Webster and Sheets, 2010). Dimensionality reduction is accomplished
as linear combinations of the original variables are used to construct a fewer
number of transformed variables (principle components) which contain the
maximum amount of variance (Wold et al., 1987; Abdi and Williams, 2010;
Webster and Sheets, 2010). Thus, in the case of large data sets, only the requisite
principal components which contain 70%-80% of the maximum variance need be
retained for further analyses of relationships and shape differences among the
variables (Abdi and Williams, 2010; Webster and Sheets, 2010). Because the
variance-covariance matrix is used as the basis for PCA computation, original
distances between data points are preserved while any correlations among the
shape variables are removed (Abdi and Williams, 2010; Polly et.al., 2012). The
PCA axes produced “are the eigenvectors of the variance-covariance matrix of

68

object landmark locations expressed as deviations from the reference landmark”
(Rohlf and Slice, 1990:53).
The transformed landmark data is arranged along axes such that the first
principal component (PC) axis is aligned with the direction of maximum variance,
and the second PC aligned with the direction of next greatest variance via a rigid
orthogonal rotation to that of the first (Webster and Sheets, 2010). Coordinate
locations for the data points along each axis are principal component scores which
can be analyzed as shape variables (Bookstein, 1990). Furthermore, PCA plots
can be utilized to visualize the direction of variability among landmarks (Rohlf
and Slice, 1990). When utilized for traditional morphometric analysis the first PC
typically reflects size; however, due to previous rescaling of the data during
Procrustes superimposition (removal of size differences) it is reasonable to
assume that the first PC will be indicative of shape (Webster and Sheets, 2010).
Wireframe graphs of the landmarks were constructed during the principal
components analyses in order to visually examine shape changes over time.

Regression Analyses
Separate multivariate regressions were performed in MorphoJ version
1.06d using all landmarks and each subset to assess shape changes over time
(Klingenberg, 2011). Rather than using raw Procrustes coordinates as the
dependent variable in the regression analysis, MorphoJ version 1.06d transforms
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those coordinates into a vector of shape scores (regression scores) for all the
observations of the dependent variable and subsequently utilizes those scores as
substitutes for the coordinates in the regression (Klingenberg, 2011). As Drake
and Klingenberg (2008:72) state,
if the regression model is written as y=βx+ε, (where y is the row vector of
shape variables; β is the regression vector; x is the independent variable;
and ε is the row vector of error terms), the shape score s can be computed
as s=yβ'(ββʹ)-0.5.
The shape variable y is projected onto a line that follows the direction of
the regression vector for each independent variable (Drake and Klingenberg,
2008; Klingenberg, 2011). The calculated vectors utilized as regression
coefficients can thus be interpreted as shape changes per unit of time or size
increase (Drake and Klingenberg, 2008). For each coordinate, the shape score “is
the shape variable associated with the shape changes predicted by the regression
model, but also includes the residual variation in that direction of shape space”
(Drake and Klingenberg, 2008:72).
The use of shape scores rather than the Procrustes coordinates is also
requisite for the implementation of tests of significance. Standard multivariate
tests of significance, such as MANOVA, cannot be used on the Procrustes
coordinates because the number of variables produced during superimposition
exceeds the degrees of freedom (Webster and Sheets, 2010). In order to test the
null hypothesis of independence between the dependent variable (shape) and the
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independent variable (year of birth) a permutation test equivalent to Goodall’s Ftest was executed in MorphoJ version 1.06d during the multiple regression
analysis (Klingenberg, 2011). According to Klingenberg (2016), the employment
of a permutation test as a test of significance is ideal as there are no assumptions
regarding the distribution of the data (Klingenberg, 2016). Goodall’s F-test is a
“parametric test performed in shape space” which measures deviations by
utilizing the sums of squared Procrustes distances to calculate ratios of the sums
which are then used to compare the overall sample means to the quantity of
variation within the sample (Webster and Sheets, 2010; Brombin and Salmaso,
2013; Klingenberg, 2016). In order to ascertain which principal components were
significantly associated with year of birth, multiple regression analyses were
executed utilizing the principal component scores as dependent variables and year
of birth as the independent variable. The multiple linear regressions were
performed on each set of data in NCSS version 11.0.9 (NCSS 11 Statistical
Software, 2016). The principal components that were employed in the multiple
regressions were those that accounted for approximately 85% of the variation and
utilized in each regression that was performed.

Canonical Variates Analysis
In order to determine whether differences in craniofacial and anterior
cranial base shape could be distinguished temporally among groups, Procrustes
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coordinates for the full data set containing all 21 landmarks, the craniofacial data
subset, and the anterior cranial base subset were each then partitioned into 25-year
birth-year cohorts containing both males and females and canonical variates
analysis (CVA) was executed on each set of data. The birth-year cohorts for these
data were each subsequently partitioned further by sex and CVA was also
performed on these sets of data. The decision to apportion cohorts by 25-year
increments was based on the likelihood that this span of time would approximate
that of a generation.
Canonical variates analysis was executed in MorphoJ version 1.06d, and
the resulting canonical variates were exported from MorphoJ version 1.06d into
Microsoft Excel (2016) for the calculation of averages for the first two canonical
variates for each cohort (Klingenberg, 2011). Graphs of the cohort averages were
constructed using the statistical software package RStudio version 1.0.153
(RStudio Team, 2015). Canonical variate averages were utilized to facilitate
visualization of separations among birth-year cohorts. Mahalanobis distances
were also computed during the execution of the CVA in MorphoJ version 1.06d
(Klingenberg, 2011). For the a priori groups used in this analysis, the
Malahanobis distance provides a measure of the distances between each of the
group centroid or means (Johnson, 1998). Wireframe graphs of the first and
second canonical variate scores for the full data set and both subsets were
constructed in MorphoJ version 1.06d (Klingenberg, 2011) to facilitate better

72

visualization of changes in the cranial face and base over time. Table 5 lists the
25-year birth-year cohort sample sizes partitioned by sex that were utilized for the
canonical variates analyses.

Table 5: Twenty-Five Year Birth-Year Cohort Sample Sizes by Sex
Birth Year Cohorts
1843 – 1865

Male Sample Size
(n=)
16

Female Sample Size
(n=)
4

1866 – 1890

14

2

1891 – 1915

17

22

1916 – 1940

133

90

1941 – 1965

223

96

1966 – 1990

29

16

Total

n = 432

n = 230

Despite Bookstein’s (1991) assertion that canonical variates analysis is not
a statistical methodology that should be applied to morphometric analysis because
it does “not produce biometrically meaningful coefficients,” and it is not based on
“hypothesis about biological processes,” CVA is a widely accepted technique
employed for the analysis of morphometric data (Darlington et al., 1973;
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Albrecht, 1980; Reyment, 1985; Adams et al., 2004; Klingenberg and Monteiro,
2005; Sheets et al., 2006; Webster and Sheets, 2010). Furthermore, Bookstein
(1991) states that CVA should not be utilized for the analysis of shape changes
over time; however, canonical analysis is frequently utilized in many disciplines
as a multivariate method for examining temporal trends (Darlington et.al., 1973;
Robinson, 1973; Pilgram and Mees, 2002; Min and Tsay, 2005).
Like PCA, canonical variates analysis is a multivariate statistical method
which utilizes linear combinations of the original variables and orders these
variables along new axes in order to reduce data dimensionality (Slice, 2005;
Ramsay and Silverman, 2005; Webster and Sheets, 2010). Although both are
used to explore data, CVA differs from PCA in that the variable weightings in
CVA are used to identify differences among a priori groups, and the axes that are
constructed are scaled to maximize and reflect patterns of variation among those
groups (Albrecht, 1980; Webster and Sheets, 2010). Thus, while PCA maximizes
differences between individuals in order to examine the internal relationship
among the variables, canonical variates analysis maximizes differences among
groups relative to within-group variation and is utilized to summarize and test for
differences among a priori groups (Albrecht, 1980; Webster and Sheets, 2010).
As Albrecht (1980) states, canonical variates analysis combines “multiple
descriptor variables into a reduced number of functions which maximize, or most
efficiently summarize, the overall differences” among groups.

74

Canonical variates are based on canonical correlations among the
variables and the number of significant correlations present can be used to
indicate the number of variates that should be retained for analysis (Rencher,
1992). Although canonical variates are computed so as to reflect the highest
degree of correlation present among linear combinations variables, the actual
canonical variates are uncorrelated with one another (Darlington et.al., 1973;
Albrecht, 1980; Rencher, 1992; Johnson, 1998).

Interlandmark Distances
When numerous coordinate cranial landmarks are evaluated collectively
the results produced are generalized and tests of significance are all-inclusive.
Implementation of the aforementioned methods are still efficacious as they can
provide meaningful evidence of morphological changes, but the results are not so
informative with regard to the explicit location(s), direction(s), and timing of
morphological changes. For the purposes of making these determinations, the
distances between the selected cranial landmarks were analyzed subsequent to the
three-dimensional coordinate data analysis. The inclusion of interlandmark
distances in these analyses also allowed for tests of significance to be performed
on each discrete measurement recognized as contributing to the aggregate
morphological changes in the cranial face and anterior base.
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As stated previously, interlandmark distances were calculated from the
three-dimensional coordinate data during the execution of 3D Working (Jantz,
2016). In addition to calculating traditional midline and bilateral craniometric
measurements, such as those routinely obtained using calipers, use of the program
facilitated the acquisition of extra non-traditional measured distances between
adjacent and non-adjacent midline and lateral landmarks. Thus, the calculation of
all possible distances between each of the 21 landmarks chosen for examination
resulted in the production of 210 interlandmark distances that could be
subsequently utilized for analyses.

Correlation Analysis
In order to ascertain which specific locations of the cranial face and
anterior base have undergone changes in morphology, a Pearson product-moment
correlation was performed in NCSS version 11.0.9 (NCSS 11 Statistical Software,
2016). The variables utilized in the Pearson correlation consisted of the 210
interlandmark distances and the 622 regression (shape) scores which were
generated during the multivariate regression analysis. The large number of
variables employed for this analysis resulted in the production of a sizeable
correlation matrix. The Pearson correlation was employed because it evaluates
linear relationships between variables, and the correlation coefficient “r”
provides a measure of the strength of the associations between two variables
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(Kachigan, 1991; Dytham, 2005). The correlation coefficient “r” may range in
value from +1 (positive linear relationship) to -1 (inverse linear relationship)
(Kachigan, 1991; Dytham, 2005). A correlation coefficient value close to, or
equal to, 0 denotes a weak correlation or no correlation, respectively (Kachigan,
1991; Dytham, 2005). Interlandmark distances with observable correlation
coefficients that were ≤ -0.35 and ≥ 0.35 were regarded as being moderately to
strongly correlated with year of birth.

Principal Component Analysis of Interlandmark Distances
Principal components analysis (PCA) was also performed on the
interlandmark distances using the “prcomp” function in RStudio version 1.0.153
(RStudio Team, 2015). The regression scores were excluded from this analysis.
The use of PCA served as an auxiliary method of data reduction, facilitated
corroboration of the Pearson correlation results, and allowed for further
exploration of the structures of the relationships and the variability among the
interlandmark distances. Packages that were employed in RStudio version
1.0.153 (RStudio Team, 2015) for the principle components analysis included
“factoMineR” (Husson et al., 2018) and “factoextra” (Kassambara and Mundt,
2017). The use of these packages enhanced graphical visualization of the results
and facilitated the creation of plots identifying the ILDs which were the greatest
contributors to each PC. Only those interlandmark distances that were identified
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by the PCA as being a main contributor to the variance and found to be strongly
correlated with year of birth were individually analyzed further using regression.

Linear and Piecewise Regression Analyses
Regression was employed in order to establish the direction and the
significance of morphological change over time. Regression analyses of the
individual interlandmark distances on year of birth were performed using both
NCSS version 11.0.9 and RStudio version 1.0.153 (NCSS 11 Statistical Software,
2016; RStudio Team, 2015). Data for each interlandmark distance were imported
individually into NCSS version 11.0.9 and a linear regression of distance on year
of birth was executed (NCSS 11 Statistical Software, 2016). The use of NCSS
version 11.0.9 facilitated the implementation of the Durbin-Watson test for serial
correlation, and a test for a lack of linear fit (NCSS 11 Statistical Software, 2016).
For distance data identified as not having a linear relationship in NCSS
version 11.0.9, the data was subsequently imported into RStudio version 1.0.153
and the package “segmented” version 0.5-3.0 was employed for regression
analysis (Muggeo, 2017; NCSS 11 Statistical Software, 2016; RStudio Team,
2015; Muggeo, 2008). This package was utilized because it facilitates the
identification of changes or breakpoints in the slope of a linear regression line
where the “effect of the covariate changes” (Muggeo, 2017; Muggeo, 2008). The
package employs an algorithm that attempts to fit a piecewise linear model with
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one or more breakpoints to the data (Muggeo, 2017; Muggeo, 2008). Although
the estimated breakpoint values and number of breakpoints are supplied initially
as “seed” parameters for the model, the package “segmented” estimates and fits
its own piecewise linear model using iterations based on the linear predictor
(Muggeo, 2017; Muggeo, 2008). The segmented package includes a Davies test
which tests for a “non-zero difference in-slope parameter of a segmented
relationship” (Muggeo, 2017; Muggeo, 2008). Thus, if a true breakpoint or
change in the direction of the slope of the regression line exists, the hypothesis of
a linear relationship between the variables will be rejected (Muggeo, 2017;
Muggeo, 2008). The presence of a breakpoint in the interlandmark distance data
would be indicative of a reversal of the direction of morphological change over
time.

Cranial Angle Analysis
Eight cranial angles were examined in a supplementary analysis to the
geometric morphometric analysis. Cranial angles were investigated for the
purposes of corroborating results of the geometric morphometric analysis and to
examine craniofacial and anterior cranial base morphological changes further
using traditional methods. Seven of the eight craniofacial angles consisted of
samples that were significantly larger than the sample size used in the geometric
morphometric analysis (n = 662). Additionally, these data contained individuals
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with birth years approximately 30 years earlier than that of the geometric
morphometric sample.
The remaining angle, cranial base angle (CBA), was calculated from
distance measures since this angle was of relevance for this analysis, but not
available as part of the supplied angle data set. This angle was computed in
Microsoft Excel (2016) using the Law of Cosines
𝒂𝟐 + 𝒃𝟐 − 𝒄𝟐
𝜸 = 𝒂𝒄𝒐𝒔 (
)
𝟐𝒂𝒃
from the interlandmark distances which configure the angle (nasion-hormion,
hormion-basion, and basion-nasion). The sample size for this angle was therefore
equal to that of the geometric morphometric sample. In cephalometric studies, the
cranial base angle measurement (NSBa) uses the landmark sella rather than
hormion (Ursi et al., 1992; Bingmer et al., 2010; Sathyanarayana, et.al., 2013).
As previously explained, sella is inaccessible when measuring intact crania, so the
ectocranial landmark hormion was utilized as its proxy. The use of hormion for
this purpose has been previously established (Martinez-Abadias et al., 2016).
Table 6 provides a list of the cranial angles and their definitions that were used for
this analysis. Figures 4 – 11 depict the individual locations of the cranial angles
and the landmarks that comprise them.
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Table 6: Craniometric Angles, Abbreviations, and Definitions.
Angle
Nasion Angle

Abbreviation
NAA

Definition
The angle at nasion, whose sides are basionnasion and nasion-prosthion (Howells,
1973).

Prosthion Angle

PRA

The angle at prosthion, whose sides are
basion-prosthion and nasion-prosthion
(Howells, 1973).

Basion Angle
Superior Facial
Length Angle*

BAA

The angle at basion, whose sides are basionnasion and basion-prosthion (Howells,
1973; *Wilder, 1920).

Nasion Angle

NBA

The angle at nasion whose sides are basionnasion and nasion-bregma (Howells, 1973).

Zygomaxillary
Angle

SSA

The angle at subspinale whose two sides
reach from this point to zygomaxillare
anterior left and right (Howells, 1973).

Nasio-frontal
Angle

NFA

The angle at nasion whose two sides reach
from this point to frontomalare left and right
(Howells, 1973).

Dacryal Angle

DKA

The angle formed at dacryon by the orbital
breadth from ectoconchion and the subtense
from dacryon to biorbital breadth; right and
left angles added (Howells, 1973).

Cranial Base
Angle

CBA

The angle at hormion, formed by the sides
nasion-hormion and hormion-basion
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Figure 4: Nasion Angle (NAA).
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Figure 5: Prosthion Angle (PRA).
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Figure 6: Basion Angle (BAA).
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Figure 7: Nasion Angle (NBA).
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Figure 8: Zygomaxillary Angle (SSA).
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Figure 9: Nasio-frontal Angle (NFA).
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Figure 10: Dacryal Angle (DKA).
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Figure 11: Cranial Base Angle (CBA).
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The same approach as that described above for the regression analyses of
the interlandmark distances was employed for examining changes in the cranial
angle dimensions over time. NCSS version 11.0.9 was initially utilized to
examine each cranial angle for serial correlation and for linearity (NCSS 11
Statistical Software, 2016). Data for those angles that did not demonstrate a
linear relationship to year of birth were then analyzed using the package
“segmented” in RStudio version 1.0.153 to identify the number(s) and location(s)
of breakpoints in the data (Muggeo and Muggeo, 2017; RStudio Team, 2015;
Muggeo, 2008). The largeness of each set of angle data allowed the separate
analyses of males and females. Sample sizes with birth years separated by sex are
provided for each cranial angle in Table 7.
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Table 7: Sample Description for Cranial Angle Data
Cranial Angle
Nasion Angle (NAA)

Sex
Male
Female
Total

Birth Years
1812 – 1990
1856 – 1990

Sample Size
776
447
1223

Prosthion Angle (PRA)

Male
Female
Total

1812 – 1990
1856 – 1990

777
447
1224

Basion Angle (BAA)

Male
Female
Total

1812 – 1990
1856 – 1990

777
447
1224

Nasion Angle (NBA)

Male
Female
Total

1812 – 1990
1856 – 1990

950
561
1511

Zygomaxillary Angle (SSA)

Male
Female
Total

1812 – 1990
1856 – 1990

916
533
1449

Nasio-frontal Angle (NFA)

Male
Female
Total

1812 – 1990
1856 – 1990

946
556
1502

Dacryal Angle (DKA)

Male
Female
Total

1812 – 1990
1856 – 1990

938
550
1488

Cranial Base Angle (CBA)

Male
Female
Total

1843 – 1990
1851 – 1990

429
230
659
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Chapter 5
Results
Geometric Morphometric Analysis
Generalized Procrustes analyses and principal component analyses were
performed on a selection of 21 digitized 3-dimensional craniometric landmarks. A
separate subset of this data composed of 19 craniofacial landmarks and another
subset comprised of 7 anterior base landmarks were also examined. Utilizing all
landmarks, a regression of log centroid size on year of birth was performed after
the Procrustes superimposition. Table 8 shows that the result of the regression
was not statistically significant, and therefore indicates there has not been a
significant change craniofacial size and anterior cranial base size over time.

Table 8: Results of regression analysis of log centroid size on year of birth

Log Centroid Size

Intercept Slope

R-Squared T-value

P-value

5.3781

0.0001

0.7914

0.0000

0.2646
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Principal Components Analysis
Visual output in the form of wireframe graphs produced during the PCA
depict the general directions and degree of shifts over time in individual
craniofacial and anterior base landmark positions relative to others in the
configurations. Wireframe graphs were constructed to facilitate easier
visualization of changes from the mean shape relative to that of the target shape
which is based on the Procrustes distances among the three-dimensional
landmarks. In the graphs, the mean shape is depicted in gray, and the target shape
is shown in red.
In the analysis of all 21 landmarks, 100% of the variability was reduced to
a total of 56 principal components. The first 21 principal components explain
84.73% of the variation and were employed in the regression analyses using each
PC as a dependent variable and year of birth as the independent variable. Table 9
lists the eigenvalues, the percent of variance contributed by each principal
component, and the cumulative variance for the first 21 principal components.
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Table 9: Eigenvalues, percent of variance, and cumulative percent of
variance for the first 21 principal components for all craniofacial and
anterior cranial base landmarks.
Principal component

Eigenvalues

% Variance

Cumulative %

PC 1
PC 2
PC 3
PC 4

0.00055746
0.00049328
0.00043445
0.00029483

13.038
11.537
10.161
6.896

13.038
24.576
34.737
41.632

PC 5

0.00023030

5.386

47.019

PC 6
PC 7
PC 8
PC 9
PC 10
PC 11
PC 12
PC 13

0.00019256
0.00017193
0.00015362
0.00012862
0.00012625
0.00010890
0.00009617
0.00009228

4.504
4.021
3.593
3.008
2.953
2.547
2.249
2.158

51.523
55.544
59.137
62.145
65.098
67.645
69.894
72.053

PC 14
PC 15
PC 16
PC 17
PC 18
PC 19
PC 20
PC 21

0.00008627
0.00008199
0.00007205
0.00006710
0.00006232
0.00006169
0.00005589
0.00005456

2.018
1.918
1.685
1.569
1.458
1.443
1.307
1.276

74.070
75.988
77.673
79.243
80.700
82.143
83.451
84.727
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The results of the regression analyses indicated that, out of the 21
principle components that were tested, PCs 1-5, PC9, PC12, PC13, and PC16
each had a significant relationship to year of birth. Table 10 lists the results from
the linear regressions for these principal components. Wireframe graphs were
constructed for each of these PCs. These graphs show that all landmarks display
some degree of movement thus indicating change from that of the mean shape to
that of the target shape. Because lateral views include both right and left sides,
overlap of some lines resulted in the wireframes having the appearance of two
mean shapes and/or two target distances.

Table 10: Principal components identified as being significantly associated
with year of birth (set of 21 landmarks).
Principal Component

DF1

DF2

F-ratio

P-value

PC1

1

660

35.304

0.0000

PC2

1

660

18.346

0.0000

PC3

1

660

5.805

0.0163

PC4

1

660

4.629

0.0318

PC5

1

660

8.328

0.0040

PC9

1

660

12.062

0.0005

PC12

1

660

20.742

0.0000

PC13

1

660

15.741

0.0001

PC16

1

660

23.871

0.0000
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The variation in PC1 is associated with changes in upper and lower facial
breadth, facial height, and prognathism. The lateral wireframe shows that PC1 is
also associated with changes in cranial base length which reflects the greater
variability in the movements of these landmarks. The lateral view of PC1 also
show that there is no change in the angle of the cranial base at hormion but does
show movement in that cranial base landmark. The variation in PC2 is associated
with changes in facial height and breadth. The lateral view of PC2 shows an
inferior shift in the landmarks of the cranial base, and a slight change in the
cranial base angle. PC3 is associated with changes in facial height and
prognathism. PC4 is associated with changes in orbital shape and lower maxillary
shape. The variation in PC5 is associated with changes in facial projection,
orbital shape, upper facial breadth, and inferior movement in the landmarks of the
cranial base. PC9 is associated with changes in cranial base shape as indicated by
the inferior shift in hormion and basion and the opposing movement of opisthion.
PC12 is associated with changes in cranial base length and flexion. PC13 is
associated with changes in upper facial projection, facial height, and cranial base
flexion. PC16 is associated with changes in facial height, orbital shape, and
cranial base flexion. Figures 12-29 present wireframe graphs which display
anterior and lateral perspectives for each of the principal components identified as
being significantly associated with year of birth.
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Figure 12: Wireframe graph of PC1 showing anterior view of changes in facial breadth – 21 landmarks. (Axis 2
vs. axis 3). (Mean shape shown in gray). (Change in Procrustes distance shown in red).
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Figure 13: Wireframe graph of PC1 showing lateral view of changes in alveolar prognathism and cranial base
length – 21 landmarks. (Axis 1 vs. axis 2). (Mean shape shown in gray). (Change in Procrustes distance shown
in red).
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Figure 14: Wireframe graph of PC2 showing anterior view of changes in facial breadth and facial height – 21
landmarks. (Axis 2 vs. axis 3). (Mean shape shown in gray). (Change in Procrustes distance shown in red).
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Figure 15: Wireframe graph of PC2 showing lateral view of changes in facial and base height – 21 landmarks.
(Axis 1 vs. axis 2). (Mean shape shown in gray). (Change in Procrustes distance shown in red).
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Figure 16: Wireframe graph of PC3 showing anterior view of changes in facial height – 21 landmarks. (Axis 2
vs. axis 3). (Mean shape shown in gray). (Change in Procrustes distance shown in red).

101

nas
fma
mpl
dac
ect

zygoo
hor

alar

zygom
bas

ssp
staur

ops

prosH

Figure 17: Wireframe graph of PC3 showing changes in facial height and prognathism – 21 landmarks. (Axis 1
vs. axis 2). (Mean shape shown in gray). (Change in Procrustes distance shown in red).
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Figure 18: Wireframe graph of PC4 showing anterior view of changes in orbital shape and lower maxillary
shape – 21 landmarks. (Axis 2 vs. axis 3). (Mean shape shown in gray). (Change in Procrustes distance shown
in red).
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Figure 19: Wireframe graph of PC4 showing lateral view of changes in orbital shape and lower maxillary shape
– 21 landmarks. (Axis 1 vs. axis 2). (Mean shape shown in gray). (Change in Procrustes distance shown in
red).
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Figure 20: Wireframe graph of PC5 showing anterior view of changes in orbital shape and upper facial breadth
– 21 landmarks. (Axis 2 vs. axis 3). (Mean shape shown in gray). (Change in Procrustes distance shown in red).

105

nas
fma
dac
mpl

ect

zygoo
hor

alar
zygom
bas

ssp
staur
prosH

ops

Figure 21: Wireframe graph of PC5 showing lateral view of changes in orbital shape, upper facial projection,
and cranial base position – 21 landmarks. (Axis 1 vs. axis 2). (Mean shape shown in gray). (Change in
Procrustes distance shown in red).
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Figure 22: Wireframe graph of PC9 showing anterior view of changes in cranial base shape – 21 landmarks.
(Axis 2 vs. axis 3). (Mean shape shown in gray). (Change in Procrustes distance shown in red).
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Figure 23: Wireframe graph of PC9 showing lateral view of changes in cranial base shape – 21 landmarks.
(Axis 1 vs. axis 2). (Mean shape shown in gray). (Change in Procrustes distance shown in red).
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Figure 24: Wireframe graph of PC12 showing anterior view of changes in cranial base flexion – 21 landmarks.
(Axis 2 vs. axis 3). (Mean shape shown in gray). (Change in Procrustes distance shown in red).
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Figure 25: Wireframe graph of PC12 showing lateral view of changes in cranial base flexion – 21 landmarks.
(Axis 1 vs. axis 2). (Mean shape shown in gray). (Change in Procrustes distance shown in red).
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Figure 26: Wireframe graph of PC13 showing anterior view of changes in facial height and cranial base flexion
– 21 landmarks. (Axis 2 vs. axis 3). (Mean shape shown in gray). (Change in Procrustes distance shown in red).
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Figure 27: Wireframe graph of PC13 showing lateral view of changes in upper facial projection, facial height,
and cranial base flexion – 21 landmarks. (Axis 1 vs. axis 2). (Mean shape shown in gray). (change in Procrustes
distance shown in red).
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Figure 28: Wireframe graph of PC16 showing anterior view of changes in facial height, orbital shape, and
cranial base flexion – 21 landmarks. (Axis 2 vs. axis 3). (Mean shape shown in gray). (Change in Procrustes
distance shown in red).
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Figure 29: Wireframe graph of PC16 showing lateral view of changes in facial height, orbital shape, and cranial
base flexion – 21 landmarks. (Axis 1 vs. axis 2). (Mean shape shown in gray). (Change in Procrustes distance
shown in red).
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Nineteen craniofacial landmarks were examined as one of two separate
subsets. For this subset, 100% of the variability was accounted for by 50
principal components. The first 20 PCs explain 85.52% of the variability and
were utilized in linear regression analyses to test for significant associations of the
PCs with year of birth. Table 11 lists the eigenvalues, percent of variance, and the
cumulative variance for first 20 principal components. Wireframe graphs
showing the presence of shape changes over time represented by changes in the
Procrustes distance for each landmark from that of the mean shape were
constructed for each principal component found to have a significant association
with year of birth.
Year of birth was identified as being significantly associated with PC1,
PC3, PC4, PCs 7-11, PCs 14-16, PC19, and PC20. Table 12 lists the results of
the results of the regression analyses for these principal components. In some
instances, the wireframe graphs displaying lateral views may appear to have two
mean and two target shapes due to overlap of the left and right landmarks of the
face. In addition, the midline landmarks in the anterior wireframe graphs begin to
appear disproportionate starting with PC 11. This asymmetry appears to increase
in succession with PCs 14-16, 19, and 20.
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Table 11: Eigenvalues, percent of variance, and cumulative percent of
variance for the first 20 principal components for the 19 craniofacial
landmarks data subset.
Principal component

Eigenvalues

% Variance

Cumulative %

PC 1
PC 2
PC 3
PC 4

0.00068985
0.00051403
0.00042613
0.00033785

13.931
10.381
8.605
6.823

13.931
24.312
32.917
39.740

PC 5

0.00028868

5.830

45.570

PC 6
PC 7
PC 8
PC 9
PC 10
PC 11
PC 12
PC 13

0.00026416
0.00023118
0.00018041
0.00016842
0.00015484
0.00014007
0.00013125
0.00012038

5.335
4.669
3.643
3.401
3.127
2.829
2.650
2.431

50.904
55.573
59.216
62.618
65.744
68.573
71.224
73.655

PC 14
PC 15
PC 16
PC 17
PC 18
PC 19
PC 20

0.00010890
0.00009588
0.00009109
0.00008417
0.00007366
0.00006947
0.00006453

2.199
1.936
1.840
1.700
1.488
1.403
1.303

75.854
77.790
79.630
81.329
82.817
84.220
85.523

116

Table 12: Principal components identified as being significantly associated
with year of birth (set of 19 craniofacial landmarks).
Principal Component

DF

Df2

F-ratio

P-value

PC1

1

15.728

0.0001

PC3

1

660
660

7.891

0.0051

PC4

1

660

9.583

0.0020

PC7

1

660

8.083

0.0046

PC8

1

660

6.930

0.0087

PC9

1

660

16.304

0.0001

PC10

1

660

14.589

0.0001

PC11

1

660

26.429

0.0000

PC14

1

660

8.298

0.0041

PC15

1

660

7.407

0.0067

PC16

1

660

7.716

0.0056

PC19

1

660

6.293

0.0124

PC20

1

660

5.322

0.0214
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Changes in maxillary (alveolar) shape and position and changes in facial
breadth are associated with PC1. PC3 is associated with changes in facial breadth
and projection, maxillary shape, and upper lateral facial retrusion. Changes in
maxillary shape, upper facial shape, and anterior cranial base shape are associated
with PC4. Changes in interorbital shape, facial height, upper facial retrusion, and
lower facial projection are associated with PC7. PC8 is associated with changes
in maxillary shape and anterior cranial base shape. PC9 is associated with
changes in the shape of the lateral orbital margin in relation to the position of
nasion. PC10 is associated with changes in maxillary position, anterior cranial
base shape, and facial retrusion. Changes in anterior cranial base length, lateral
orbital margin shape, and maxillary shape are associated with PC11. PC14 is
associated with changes in orbital and maxillary shape. PC15 is associated with
changes in the shape of the lateral orbital margin, nasal aperture shape, and facial
retrusion. PC16 is associated with changes in maxillary shape, and changes in
anterior cranial base shape (position). PC19 is associated with changes in facial
projection and orbital shape. PC20 is associated with changes in upper facial
shape and facial retrusion. Figures 30 – 55 present wireframe graphs which show
anterior and lateral views of these changes for each of these principal
components.
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Figure 30: Wireframe graph of PC1 showing anterior view of changes in maxillary (alveolar) position and
shape, and changes in facial breadth – 19 craniofacial landmarks. (Axis 1 vs. axis 2). (Mean shape shown in
gray). (Change in Procrustes distance shown in red).
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Figure 31: Wireframe graph of PC1 showing lateral view of changes in maxillary (alveolar) position and shape,
and changes in facial breadth – 19 landmarks. (Axis 2 vs. axis 3). (Mean shape shown in gray). (Change in
Procrustes distance shown in red).
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Figure 32: Wireframe graph of PC3 showing anterior view of changes in maxillary (alveolar) position and
shape, and changes in facial breadth – 19 craniofacial landmarks. (Axis 1 vs. axis 2). (Mean shape shown in
gray). (Change in Procrustes distance shown in red).
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Figure 33: Wireframe graph of PC3 showing lateral view of changes in maxillary (alveolar) position and shape,
facial projection, and lateral facial retrusion – 19 craniofacial landmarks. (Axis 2 vs. axis 3). (Mean shape
shown in gray). (Change in Procrustes distance shown in red).
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Figure 34: Wireframe graph of PC4 showing anterior view of changes in maxillary position and shape, and
changes in upper facial breadth – 19 craniofacial landmarks. (Axis 1 vs. axis 2). (Mean shape shown in gray).
(Change in Procrustes distance shown in red).
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Figure 35: Wireframe graph of PC4 showing lateral view of changes in maxillary position and shape, upper
facial breadth, and anterior cranial base shape – 19 craniofacial landmarks. (Axis 2 vs. axis 3). (Mean shape
shown in gray). (Change in Procrustes distance shown in red).
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Figure 36: Wireframe graph of PC7 showing anterior view of changes in interorbital shape and facial height –
19 craniofacial landmarks. (Axis 1 vs. axis 2). (Mean shape shown in gray). (Change in Procrustes distance
shown in red).
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Figure 37: Wireframe graph of PC7 showing lateral view of changes in facial height, orbital shape, upper facial
retrusion, and lower facial projection - 19 craniofacial landmarks. (Axis 2 vs. axis 3). (Mean shape shown in
gray). (Change in Procrustes distance shown in red).
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Figure 38: Wireframe graph of PC8 showing anterior view of changes in maxillary position and shape – 19
craniofacial landmarks. (Axis 1 vs. axis 2). (Mean shape shown in gray). (Change in Procrustes distance shown
in red).
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Figure 39: Wireframe graph of PC8 showing lateral view of changes in maxillary position and shape, and
changes in anterior cranial base shape – 19 craniofacial landmarks. (Axis 2 vs. axis 3). (Mean shape shown in
gray). (Change in Procrustes distance shown in red).
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Figure 40: Wireframe graph of PC9 showing anterior view of changes lateral margin of the orbits – 19
craniofacial landmarks. (Axis 1 vs. axis 2). (Mean shape shown in gray). (Change in Procrustes distance shown
in red).
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Figure 41: Wireframe graph of PC9 showing lateral view of changes in shape of the lateral margin of the orbits
– 19 craniofacial landmarks. (Axis 2 vs. axis 3). (Mean shape shown in gray). (Change in Procrustes distance
shown in red).
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Figure 42: Wireframe graph of PC10 showing anterior view of changes in maxillary shape and position – 19
craniofacial landmarks. (Axis 1 vs. axis 2). (Mean shape shown in gray). (Change in Procrustes distance shown
in red).
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Figure 43: Wireframe graph of PC10 showing lateral view of changes maxillary position, anterior cranial bae
shape, and facial retrusion – 19 craniofacial landmarks. (Axis 2 vs. axis 3). (Mean shape shown in gray).
(Change in Procrustes distance shown in red).
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Figure 44: Wireframe graph of PC11 showing anterior view of changes in lateral orbital margin shape, and
maxillary shape – 19 craniofacial landmarks. (Axis 1 vs. axis 2). (Mean shape shown in gray). (Change in
Procrustes distance shown in red).
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Figure 45: Wireframe graph of PC11 showing lateral view of changes in anterior cranial bases length, lateral
orbital margin shape, and maxillary shape – 19 craniofacial landmarks. (Axis 2 vs. axis 3). (Mean shape shown
in gray). (Change in Procrustes distance shown in red).
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Figure 46: Wireframe graph of PC14 showing anterior view of changes in orbital shape and maxillary shape –
19 craniofacial landmarks. (Axis 1 vs. axis 2). (Mean shape shown in gray). (Change in Procrustes distance
shown in red).
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Figure 47: Wireframe graph of PC14 showing lateral view of changes in maxillary shape and orbital shape – 19
craniofacial landmarks. (Axis 2 vs. axis 3). (Mean shape shown in gray). (Change in Procrustes distance shown
in red).
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Figure 48: Wireframe graph of PC15 showing anterior view of changes in the shape of the lateral orbital
margin and the nasal aperture – 19 craniofacial landmarks. (Axis 1 vs. axis 2). (Mean shape shown in gray).
(Change in Procrustes distance shown in red).
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Figure 49: Wireframe graph of PC15 showing lateral view of changes in facial retrusion and lateral orbital
margin shape – 19 craniofacial landmarks. (Axis 2 vs. axis 3). (Mean shape shown in gray). (Change in
Procrustes distance shown in red).
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Figure 50: Wireframe graph of PC16 showing anterior view of changes in maxillary shape – 19 craniofacial
landmarks. (Axis 1 vs. axis 2). (Mean shape shown in gray). (Change in Procrustes distance shown in red).
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Figure 51: Wireframe graph of PC16 showing lateral view of changes in maxillary shape and anterior cranial
base shape (position) – 19 craniofacial landmarks. (Axis 2 vs. axis 3). (Mean shape shown in gray). (Change in
Procrustes distance shown in red).
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Figure 52: Wireframe graph of PC19 showing anterior view of changes in orbital shape – 19 craniofacial
landmarks. (Axis 1 vs. axis 2). (Mean shape shown in gray). (Change in Procrustes distance shown in red).

141

nas
fma
mpl
dac
ect

hor

zygoo

[h

zygom
alar
staur
ssp

prosH

Figure 53: Wireframe graph of PC19 showing lateral view of changes in facial projection and orbital shape – 19
craniofacial landmarks. (Axis 2 vs. axis 3). (Mean shape shown in gray). (Change in Procrustes distance shown
in red).
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Figure 54: Wireframe graph of PC20 showing anterior view of changes in upper facial shape – 19 craniofacial
landmarks. (Axis 1 vs. axis 2). (Mean shape shown in gray). (Change in Procrustes distance shown in red).
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Figure 55: Wireframe graph of PC20 showing lateral view of changes in upper facial shape and facial retrusion
– 19 craniofacial landmarks. (Axis 2 vs. axis 3). (Mean shape shown in gray). (Change in Procrustes distance
shown in red).

144

Landmarks of the anterior cranial base in combination with midline points
of the palate were also examined as a separate subset of the original data set.
A total of 14 principal components accounted for 100% of the variability for the
subset of 7 anterior cranial base landmarks. The first 7 principal components
explained 85.47% of the variability. Table 13 lists the eigenvalues, percent of
variance, and cumulative variance for these principal components. Linear
regressions of each principal component on year of birth were executed in order
to determine which PCs contained evidence of changes associated with year of
birth. Wireframe graphs for those principal components identified as having a
significant relationship to year of birth were constructed. Because the landmarks
comprising this subset are located in the midsagittal plane, only lateral
perspectives of these landmarks are presented as they are the most informative
and facilitated optimal visibility of the shifts in the positions of these landmarks.
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Table 13: Eigenvalues, percent of variance, and cumulative percent of
variance for the first 7 principal components for the 7 anterior cranial base
landmarks data subset.
Principal component

Eigenvalues

% Variance

Cumulative %

PC 1
PC 2
PC 3
PC 4

0.00076947
0.00061113
0.00036493
0.00035605

23.434
18.612
11.114
10.843

23.434
42.045
53.159
64.002

PC 5

0.00025501

7.766

71.768

PC 6
PC 7

0.00022844
0.00022139

6.957
6.742

78.725
85.468

Results of the linear regression analyses identified PC1, PC6, and PC7 as
being significantly associated with year of birth. Table 14 lists the results of the
linear regression analyses for these principal components.

Table 14: Principal components identified as being significantly associated
with year of birth (set of 7 craniofacial landmarks).
Principal Component

DF1

DF2

F-ratio

P-value

PC1

1

660

13.670

0.0002

PC6

1

660

37.613

0.0000

PC7

1

660

13.240

0.0003
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Changes in upper facial height and cranial base length and flexion are
associated with PC1. PC6 is associated with changes in upper facial projection,
midline maxillary shape, and the length of the anterior cranial base. PC7 is
associated with changes in the shape (flexion and position) of the cranial base.
Figures 56-58 display the wireframe graphs which show the shifts from the mean
shape to that of the target shape based on the Procrustes distances.
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Figure 56: Wireframe graph of PC1 showing lateral view of changes in upper facial height and cranial base
length and flexion – 7 landmarks. (Axis 1 vs. axis 3). (Mean shape shown in gray). (Change in Procrustes
distance shown in red).
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Figure 57: Wireframe graph of PC6 showing lateral view of changes in upper facial projection, midline
maxillary shape, and anterior cranial base length – 7 landmarks. (Axis 1 vs. axis 3). (Mean shape shown in
gray). (Change in Procrustes distance shown in red).

149

nas

hor

bas
ops

ssp

staur

prosH

Figure 58: Wireframe graph of PC7 showing lateral view of changes in cranial base flexion, shape, and position
– 7 landmarks. (Axis 1 vs. axis 3). (Mean shape shown in gray). (Change in Procrustes distance shown in red).
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Multivariate Regression Analysis
The apparent changes in all landmark positions have each contributed in
varying degrees to the overall changes in the morphology of the cranial face and
base. The significance of the overall shape changes observed in the analysis of all
21 cranial landmarks and each data subset were independently tested via
multivariate regression analysis of the regression scores on year of birth.
Results for each of the multivariate regressions of shape scores on year of
birth for all 21 landmarks, the craniofacial landmarks, and the anterior cranial
base landmarks all indicate that significant changes in craniofacial and anterior
cranial base morphology have occurred over time (p<0.0001). The intercepts,
slopes, r-squared, and t-values, and permutation test results for the regressions for
each set of data are shown in Table 15.

Table 15: Results of multivariate regression of shape scores on year of birth.
Intercept Slope

R2

T-value

P-value

All Landmarks

-0.6422

0.0003

0.1554

11.0214

<0.0001

Craniofacial Landmarks

-0.5811

0.0003

0.1486

10.7348

<0.0001

Anterior Cranial Base

-0.5021

0.0003

0.0823

7.6957

<0.0001
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The regression plot of the shape scores for all landmarks on year of birth is shown
in Figure 59. Figure 60 displays the regression plot of the shape scores on year of
birth for the 19 craniofacial landmarks. The plot of the regression of shape scores
on year of birth for the 7 anterior cranial base landmarks is presented in Figure 61.
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Figure 59: Multivariate regression of shape scores for all landmarks on year of birth.
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Figure 60: Multivariate regression of shape scores for craniofacial landmarks on year of birth.
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Figure 61: Multivariate regression of shape scores for cranial base landmarks on year of birth.
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Canonical Variates Analysis
Canonical variates analysis (CVA) was performed on the entire sample
and subsets of data each of which were partitioned into 25-year birth-year cohorts.
In addition, each set of data was further divided by sex and CVA was executed in
order to determine if differences in trends existed between males and females.
The first canonical variate represents 40.89% of the variation, and the second
canonical variate accounts for 24.75% of the variation. Table 16 lists the
Mahalanobis distances between the birth year cohorts (sexes combined) for the
analysis of all cranial landmarks. The results of the permutation tests for pairwise
distances shown in Table 17 indicates that the variation between groups relative to
the within-group variation is significant (alpha = 0.05) for all cohorts.

Table 16: Mahalanobis distances among birth cohorts with sexes combined
(all landmarks).
1843-1865

1866-1890

1891-1915

1916-1940

1866-1890

3.9361

1891-1915

3.5300

2.9239

1916-1940

3.3703

3.4399

1.7855

1941-1965

3.6636

3.5739

1.9913

1.0326

1966-1990

3.9156

3.7460

2.5064

2.2342

1941-1965

1.7104
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Table 17: Permutation test results for the Mahalanobis distances among
birth cohorts with sexes combined (all landmarks).
1843-1865

1866-1890

1891-1915

1916-1940

1866-1890

0.0002

1891-1915

<.0001

0.0006

1916-1940

<.0001

<.0001

<.0001

1941-1965

<.0001

<.0001

<.0001

<.0001

1966-1990

<.0001

<.0001

<.0001

<.0001

1941-1965

<.0001

Figure 62 shows the plot of the canonical variates for all cranial landmarks
with sexes combined. The first canonical variate axis represents time and
separates the groups temporally with the 19th century groups towards the negative
end of the plot, and the 20th century groups towards the positive end. This
temporal separation along the first axis indicates that secular changes in
craniofacial and anterior base morphology have occurred. The position of the
1941-1965 and 1966-1990 cohorts along the right side of the graph may be an
indication that some aspects of cranial shape may not have changed significantly
since 1941. However, the second canonical variate still separates these cohorts.
The group containing both 19th and 20th century individuals is located near the
center of the plot.
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Figure 62: Canonical variates plot of 25-year birth year cohorts (sexes combined) (all landmarks).
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Wireframe graphs displaying changes in landmark positions based on the
canonical variate scores were constructed. Figures 63-66 present anterior and
lateral views of the changes in landmark positions based on the first and second
canonical variate scores. The gray lines represent the mean shape and the red
lines represent change over time from that of the mean shape. Changes in cranial
base and craniofacial morphology that are observable in the anterior and lateral
wireframe graphs of CV1 include, changes in upper facial height, a slight increase
in facial prognathism, lateral facial retrusion, changes in maxillary height, and
changes in cranial base shape. Morphological changes that can be observed in the
wireframe graph of CV2 include changes in orbital shape, facial breadth, and
changes in cranial base flexion. Figure 66 which displays a lateral view of CV2
shows lateral retrusion of the face, lengthening of the cranial base, and a change
in the cranial base angle at hormion and inferior shifts in the positions of basion
and opisthion have occurred over time.
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Figure 63: Wireframe graph showing anterior view of morphological changes along CV1 – 21 landmarks. (Axis
1 vs. axis 2).
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Figure 64: Wireframe graph showing lateral view of morphological changes along CV1 – 21 landmarks. (Axis 2
vs. axis 3).
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Figure 65: Wireframe graph showing anterior view of morphological changes along CV2 – 21 landmarks. (Axis
1 vs. axis 2).
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Figure 66: Wireframe graph showing lateral view of morphological changes along CV2 – 21 landmarks. (Axis 2
vs. axis 3).
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Canonical variates for the data subsets of craniofacial landmarks and
anterior cranial base landmarks were also examined. For the craniofacial data
subset, the first canonical variate represents 41.34% of the variation, and the
second canonical variate denotes 23.78% of the variation. Table 18 lists the
Mahalanobis distances among the 25-year birth cohorts with sexes combined for
the 19 craniofacial landmarks.

Table 18: Mahalanobis distances among birth cohorts with sexes combined
(19 craniofacial landmarks).
1843-1865

1866-1890

1891-1915

1916-1940

1866-1890

3.7684

1891-1915

3.4564

2.7962

1916-1940

3.2987

3.2240

1.7336

1941-1965

3.5623

3.3600

1.9069

0.9701

1966-1990

3.7981

3.5721

2.3711

2.0950

1941-1965

1.5754
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Table 19 shows the results of the permutation test for these distances. All
of the results of the permutation tests are significant and therefore indicate that the
variation in craniofacial morphology between groups relative to the within-group
variation is statistically significant (alpha = 0.05) for each of the cohorts. Figure
67 presents the canonical variates plot for the 19 craniofacial landmark data. The
plot for the craniofacial landmark data is similar to that of all landmarks and
shows that the groups are temporally separated. The 19th century cohorts are
located toward the negative end of the x-axis, and the 20th century cohorts are
grouped toward the positive end. Again, the cohort composed of individuals with
birth years from the turn of the century is positioned near the center.

Table 19: Permutation test results for the Mahalanobis distances among
birth cohorts with sexes combined (19 craniofacial landmarks).
1843-1865

1866-1890

1891-1915

1916-1940

1866-1890

0.0004

1891-1915

<.0001

0.0006

1916-1940

<.0001

<.0001

<.0001

1941-1965

<.0001

<.0001

<.0001

<.0001

1966-1990

<.0001

<.0001

<.0001

<.0001

1941-1965

<.0001
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Figure 67: Canonical variates plot of 25-year birth year cohorts (sexes combined) (19 craniofacial landmarks).
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Wireframe graphs of the first and second canonical variates were also
constructed for the subset of 19 craniofacial landmarks. Figures 68-71 present
anterior and lateral views of the changes in landmark positions based on the first
and second canonical variate scores. Morphological changes that can be observed
in the anterior and lateral wireframes of CV1 include changes in facial breadth,
changes in the length of the anterior cranial base, and an increase in midfacial
projection. Morphological changes observable in the wireframe graphs of CV2
include changes in orbital shape and maxillary shape.
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Figure 68: Wireframe graph showing anterior view of morphological changes along CV1 – 19 landmarks. (Axis
1 vs. axis 2).
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Figure 69: Wireframe graph showing lateral view of morphological changes along CV1 – 19 landmarks. (Axis 2
vs. axis 3).
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Figure 70: Wireframe graph showing anterior view of morphological changes along CV2 – 19 landmarks. (Axis
1 vs. axis 2).
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Figure 71: Wireframe graph showing lateral view of morphological changes along CV2 – 19 landmarks. (Axis 2
vs. axis 3).
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The first canonical variate for the subset of 7 anterior cranial base
landmarks represents 42.64% of the variation, and the second canonical variate
accounts for 31.25% of the variation. Table 20 lists the Mahalanobis distances
between the 25-year birth year cohorts containing both males and females for this
data subset. Results of the permutation tests of the distances are presented in
Table 21 and are also all statistically significant (alpha = 0.05).

Table 20: Mahalanobis distances among birth cohorts with sexes combined
(7 anterior cranial base landmarks).
1843-1865

1866-1890

1891-1915

1916-1940

1866-1890

2.3199

1891-1915

1.7557

1.8718

1916-1940

1.7405

2.2571

0.8736

1941-1965

2.0004

2.2185

0.8454

0.6289

1966-1990

1.9592

2.0900

1.0684

1.1072

1941-1965

0.8486
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Table 21: Permutation test results for the Mahalanobis distances among
birth cohorts with sexes combined (7 anterior cranial base landmarks).
1843-1865

1866-1890

1891-1915

1916-1940

1866-1890

0.0108

1891-1915

0.0122

0.0001

1916-1940

0.0011

<.0001

0.0374

1941-1965

0.0001

<.0001

0.0208

<.0001

1966-1990

0.0010

<.0001

0.0371

<.0001

1941-1965

0.0084

The plot of the canonical variates for the 7 anterior cranial base landmarks
is shown in Figure 72. Like the two previous plots, the first canonical axis also
separates the cohorts temporally; however, the cohort locations differ from those
observed in the prior canonical variates plots of all landmarks and the facial
landmarks. This plot shows 19th century cohorts grouped at the positive end of
the plot while the 20th century cohorts and the cohort containing individuals born
during the turn of the century are all grouped toward the negative end of the plot.
Thus, the changes that have occurred over time in the positions of these
landmarks denoted by the distances between these groups appear to be substantial
enough that individuals born during the 19th century could conceivably be
distinguished from those born during the 20th century solely based on differences
in anterior cranial base and midline palate morphology.
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Figure 72: Canonical variates plot of 25-year birth year cohorts (sexes combined) (7 cranial base landmarks).
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Wireframe graphs of the canonical variate scores for the subset of 7
craniofacial landmarks were also constructed. Figures 73 and 74 display the
wireframe graphs for the first and second canonical variates. Morphological
changes that are observable in the wireframe graph of CV1 include changes in
upper facial height, changes in cranial base flexion, and changes in midline
maxillary shape. Morphological changes that are observable in the graph of CV2
include changes in upper facial projection and anterior cranial base flexion.
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Figure 73: Wireframe graph showing lateral view of morphological changes along CV1 – 7 cranial base and
midline maxillary landmarks. (Axis 2 vs. axis 3).

176

nas

hor

bas
ops

staur

ssp

prosH

Figure 74: Wireframe graph showing lateral view of morphological changes along CV2 – 7 cranial base and
midline maxillary landmarks. (Axis 2 vs. axis 3).
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Additional canonical variates analyses were executed on the same three
craniometric data sets consisting of 25-year birth-year cohorts with the samples
further partitioned by sex. For the data set containing all craniometric landmarks,
the first canonical variate accounts for 37.35% of the variation, and the second
canonical variate represents 17.48% of the variation. Table 22 lists the
Mahalanobis distances between the cohorts with the sexes grouped separately.
The permutation test for pairwise differences results are displayed in Table 23 and
show that the variation in craniofacial and anterior cranial base morphology
between male and female birth-year cohorts born during and after the turn of the
20th century is statistically significant. It is plausible that the lack of significance
observed for the pairwise comparisons of the female 1843-1865 cohort (n=4) and
the 1866-1890 cohort (n=2) may likely be due to the small sample sizes for those
groups. Morphological variability among males born in 1916 and thereafter is
significantly different from that of females born during this same period.
Figure 75 displays the canonical variates plot for males and females. The
first canonical variate axis separates the groups by sex, and the second canonical
variate axis separates the cohorts temporally. Both sexes exhibit temporal trends
which are distinctly similar in pattern, direction, and the sequential ordering of the
earliest cohorts at the positive end of the second canonical axis with 19th century
cohorts are both positioned at the positive end of the second canonical axis and
the later cohorts positioned at the negative end.
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Table 22: Mahalanobis distances among 25-year birth-year cohorts partitioned by sex (all landmarks).

Females

Males

Males

Females

1843-1865 1866-1890 1891-1915 1916-1940 1941-1965 1966-1990 1843-1865 1866-1890 1891-1915 1916-1940 1941-1965
1866-1890

7.2906

1891-1915

5.0661

5.9554

1916-1940

4.9354

5.8881

2.3024

1941-1965

5.2535

6.0615

2.5298

1.2388

1966-1990

5.8816

6.6417

2.8449

2.8017

2.4455

1843-1865

4.8266

6.9795

4.0533

3.8230

3.9023

4.2446

1866-1890

5.0895

5.8563

3.5437

3.6754

3.6166

4.1225

4.1846

1891-1915

5.2114

6.3742

3.4763

2.7452

2.7478

3.5710

4.3332

3.3738

1916-1940

5.1955

6.5951

3.2559

2.1646

2.1682

3.0022

3.6317

3.6698

2.3199

1941-1965

5.5007

6.7192

3.3082

2.2789

1.9463

2.8011

3.8816

3.7915

2.4041

1.1219

1966-1990

5.9774

6.9877

3.7481

3.2725

2.7263

2.7250

4.0895

3.9409

3.1787

2.3356

1.7824
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Table 23: Permutation test results for the Mahalanobis distances among 25-year birth-year cohorts partitioned
by sex (all landmarks).

Females

Males

Males

Females

1843-1865 1866-1890 1891-1915 1916-1940 1941-1965 1966-1990 1843-1865 1866-1890 1891-1915 1916-1940 1941-1965
1866-1890

0.3890

1891-1915

0.0182

0.2065

1916-1940

0.0269

0.1696

0.0005

1941-1965

0.0014

0.0702

<.0001

0.0402

1966-1990

0.0034

0.1225

0.0402

<.0001

0.0050

1843-1865

0.5333

0.3577

<.0001

<.0001

<.0001

<.0001

1866-1890

0.1065

0.2381

<.0001

<.0001

<.0001

<.0001

0.0008

1891-1915

0.0209

0.1235

<.0001

<.0001

<.0001

0.0001

<.0001

0.0082

1916-1940

0.0083

0.0427

<.0001

<.0001

<.0001

<.0001

<.0001

<.0001

0.0246

1941-1965

0.0069

0.0300

<.0001

<.0001

<.0001

<.0001

<.0001

<.0001

0.0027

<.0001

1966-1990

0.0005

0.0085

<.0001

<.0001

<.0001

0.0326

<.0001

<.0001

<.0001

<.0001

0.0120
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Figure 75: Canonical variates plot of male and female 25-year birth year cohorts – all landmarks.
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For the subset of 19 craniofacial landmarks the first canonical variate
represents 36.9% of the variation, and the second canonical variate accounts for
18.88% of the variation. Mahalanobis distances among the groups is provided in
Table 24. Results of the permutation test of pairwise differences is presented in
Table 25. Not all results are significant; however, the majority of those that are
significant consist of the male and female cohorts born in 1891 and thereafter.
Again, the lack of significance found among any group comparisons with the
female 1866-1890 cohort may be due to the small sample size of that cohort.
Figure 76 displays a plot of the canonical variates for the 19 craniofacial
landmarks separated by sex. The first canonical variate axis separates the groups
by sex, and the second canonical plot temporally separates the birth-year cohorts.
Similar to the canonical variates plot of all landmarks, the temporal trends for
both sexes are similar in pattern, direction, and sequencing of the cohorts. The
earliest male and female cohorts are located at the positive end of the second
canonical variate axis and the later cohorts are located near the negative end of the
axis.
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Table 24: Mahalanobis distances among 25-year birth-year cohorts partitioned by sex (19 craniofacial
landmarks).

Females

Males

Males

Females

1843-1865 1866-1890 1891-1915 1916-1940 1941-1965 1966-1990 1843-1865 1866-1890 1891-1915 1916-1940 1941-1965
1866-1890

6.6016

1891-1915

4.7300

5.6161

1916-1940

4.6113

5.4853

2.1413

1941-1965

4.8547

5.7410

2.3610

1.1577

1966-1990

5.4312

6.2955

2.6445

2.6377

2.2253

1843-1865

4.2960

6.6204

3.8887

3.7282

3.8133

4.2091

1866-1890

4.6937

5.5357

3.5102

3.5574

3.4926

3.9958

3.9964

1891-1915

4.7616

5.8290

3.1451

2.6502

2.6128

3.3594

4.1757

3.0264

1916-1940

4.7401

6.1094

3.0125

2.0882

2.0918

2.8217

3.5356

3.3907

2.2318

1941-1965

4.9886

6.2828

3.0372

2.1682

1.8813

2.5774

3.7745

3.5069

2.3050

1.0734

1966-1990

5.3143

6.7453

3.3688

3.0678

2.5720

2.3872

3.9161

3.5860

3.0068

2.1068

1.5740
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Table 25: Permutation test results for the Mahalanobis distances among 25-year birth-year cohorts partitioned
by sex (19 craniofacial landmarks).

Females

Males

Males

Females

1843-1865 1866-1890 1891-1915 1916-1940 1941-1965 1966-1990 1843-1865 1866-1890 1891-1915 1916-1940 1941-1965
1866-1890

0.2220

1891-1915

0.0222

0.2077

1916-1940

0.0384

0.1739

0.0024

1941-1965

0.0069

0.0655

<.0001

0.0624

1966-1990

0.0039

0.1030

0.0800

0.0005

0.0227

1843-1865

0.7233

0.3637

<.0001

<.0001

<.0001

<.0001

1866-1890

0.1474

0.2300

<.0001

<.0001

<.0001

<.0001

0.0016

1891-1915

0.0302

0.1693

0.0001

<.0001

<.0001

0.0001

<.0001

0.0302

1916-1940

0.0216

0.0545

<.0001

<.0001

<.0001

<.0001

<.0001

<.0001

0.0222

1941-1965

0.0144

0.0396

<.0001

<.0001

<.0001

<.0001

<.0001

<.0001

0.0032

0.0001

1966-1990

0.0006

0.0122

<.0001

<.0001

<.0001

0.2108

<.0001

<.0001

<.0001

<.0001

0.0850
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Figure 76: Canonical variates plot of male and female 25-year birth year cohorts – 19 landmarks.
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Canonical variates analysis was also performed on the data subset of the 7
anterior cranial base separated by sex. Table 26 lists the Mahalanobis distances
between the male and female 25-year birth-year cohorts. The first canonical
variates accounts for 32.08% of the variation, and the second canonical variate
represents 23.8% of the variation. Table 27 shows the results of permutation test
of the pairwise distances between groups. The results show that among females
the shape of the anterior cranial base for the 1843-1865 cohort was significantly
different from the 1891-1915 cohort. The 1866-1890 cohort differs significantly
from the 1891-1915, 1916-1940, and 1941-1965 cohort. Shape differences were
also significant between the 1891-1915 and 1941-1965 cohorts. For males, the
shape of the anterior cranial base differs significantly between the 1843-1865
cohort and the 1866-1890, 1916-1940, 1941-1965, and 1966-1990 cohorts. Shape
differences were also significant between the male 1866-1890 cohort and the
1891-1915, 1916-1940, 1941-1965, and 1966-1990 cohorts. In addition, the
results show that there are significant differences in anterior cranial base shape
between the 1916-1940 cohort and the 1941-1965 and 1966-1990 cohorts.
Figure 77 presents the plot of the first and second canonical variates
separated by sex. The first canonical variates axis separates the groups by sex, and
the second canonical variate separates the groups temporally. In contrast to the
previous two plots (Figures 75 and 76) this plot shows a different pattern of
change between males and females. The male canonical variates are in sequential
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order, while the female canonical variates appear to be in sequential order with
the exception of the 1966-1990 cohort. While stochastic variation is evident in the
plot, the directions of the male and female canonical variates are similar. The
earliest cohorts are located at the negative end of the second canonical axis and
the later cohorts are grouped together at the positive end of the axis.
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Table 26: Mahalanobis distances among 25-year birth-year cohorts partitioned by sex (7 anterior cranial base
landmarks).

Females

Males

Males

Females

1843-1865 1866-1890 1891-1915 1916-1940 1941-1965 1966-1990 1843-1865 1866-1890 1891-1915 1916-1940 1941-1965
1866-1890

3.7289

1891-1915

2.7026

3.6908

1916-1940

2.3573

3.954

1.1875

1941-1965

2.5553

3.9552

1.1467

0.6979

1966-1990

2.8409

3.8198

1.4722

1.3499

1.2571

1843-1865

2.7026

4.1594

2.3054

2.0042

2.2106

2.1444

1866-1890

2.4681

3.1669

2.1984

2.3483

2.2266

2.2380

2.5375

1891-1915

2.0457

3.8699

1.7322

1.1984

1.2222

1.7704

2.0072

1.7702

1916-1940

2.2487

4.1736

1.8127

1.0983

1.1235

1.7490

2.1170

2.1528

0.7337

1941-1965

2.6096

4.1511

1.5207

1.0796

0.7463

1.4646

2.2194

2.1073

0.9288

0.6707

1966-1990

2.7313

3.7634

1.4989

1.1671

0.8329

1.1218

2.1706

2.0692

1.2315

1.2050

0.8247
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Table 27: Permutation test results for the Mahalanobis distances among 25-year birth-year cohorts partitioned
by sex (7 anterior cranial base landmarks).

Females

Males

Males

Females

1843-1865 1866-1890 1891-1915 1916-1940 1941-1965 1966-1990 1843-1865 1866-1890 1891-1915 1916-1940 1941-1965
1866-1890

0.5111

1891-1915

0.0432

0.0312

1916-1940

0.1607

0.0460

0.0557

1941-1965

0.0595

0.0260

0.0399

0.0779

1966-1990

0.1055

0.1130

0.0992

0.0739

0.0999

1843-1865

0.7321

0.4245

0.0046

0.0030

0.0019

0.1451

1866-1890

0.1424

0.0876

0.0001

<.0001

<.0001

<.0001

0.0203

1891-1915

0.5978

0.0161

0.0074

0.1827

0.0908

0.0347

0.2029

0.0291

1916-1940

0.1438

0.0044

<.0001

<.0001

<.0001

0.0002

0.0002

<.0001

0.8759

1941-1965

0.0149

0.0043

<.0001

<.0001

0.0003

0.0032

<.0001

<.0001

0.3774

0.0001

1966-1990

0.0390

0.0360

0.0037

0.0123

0.3140

0.5137

0.0081

0.0001

0.2668

0.0011

0.1645
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Figure 77: Canonical variates plot of male and female 25-year birth year cohorts – 7 cranial base landmarks.
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Interlandmark Distance Analysis
Interlandmark distances (ILDs) were analyzed in order to determine the
specific craniofacial and cranial base landmarks which are changing and the
extent of change that is occurring.

Correlation Analysis
A Pearson correlation was performed using the regression (shape) scores
obtained from the GPA and the ILDs between all of the landmarks used in the
analysis. The regression (shape) scores utilized in the correlation represents the
shape variable that is most strongly associated with year of birth. Thus, the
correlation results should indicate which measures are amongst the greatest
contributors to the secular changes in the cranial face and base. Results of the
Pearson correlation are listed in Table 28. Only those correlations found to be
significant are reported. Results of the correlation matrix show that changes in
the positions of opisthion and basion have strong to moderate positive correlations
with morphological changes occurring in the face. Landmarks which show strong
to moderate negative correlations with the shape scores consist of paired
landmarks which contribute to facial width and orbital shape and size and do not
include any midline landmarks of the face or of those of the cranial base.
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Table 28: Results of Pearson correlation of regression (shape) score and
interlandmark distances.
Interlandmark Distance
opisthion – subspinale
left alare – opisthion
right alare – opisthion
opisthion – prosthion
left alare – basion

Pearson Correlation
0.551893
0.542137
0.534167
0.523591
0.50426

basion – subspinale

0.502132

basion – left dacryon
basion – right dacryon
left dacryon – opisthion
right alare – basion
right dacryon – opisthion
opisthion – left zygoorbitale
basion – nasion
nasion – opisthion

0.500664
0.499126
0.49463
0.494068
0.492973
0.48581
0.484879
0.482882

opisthion – right zygoorbitale
opisthion – staurion
hormion – opisthion
basion – left zygoorbitale
left ectoconchion – opisthion
basion – prosthion
left frontomalare anterior – opisthion
right ectoconchion – opisthion
basion – right zygoorbitale

0.46520
0.455217
0.452411
0.440897
0.439715
0.438504
0.422752
0.417055
0.412151

left mpl – opisthion
opisthion – left zygomaxillare
basion – hormion
right frontomalare anterior – opisthion
right mpl – opisthion

0.41067
0.410555
0.396853
0.392507
0.385221
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Table 28: (cont.).
Interlandmark Distance

Pearson Correlation

opisthion – right zygomaxillare
basion – left ectoconchion
basion – left frontomalare
basion – staurion
left mpl – right zygomaxillare

0.384721
0.371291
0.370909
0.348435
-0.34551

left dacryon – right dacryon
right dacryon – left ectoconchion

-0.345526
-0.346987

right dacryon – left zygoorbitale
right dacryon – left frontomalare
left dacryon – right frontomalare
left ectoconchion – right frontomalare
left ectoconchion – right ectoconchion
right frontomalare – left zygomaxillare
left frontomalare – right zygomaxillare

-0.352269
-0.352767
-0.353073
-0.354239
-0.355151
-0.361675
-0.362059

right mpl – left zygoorbitale
left zygomaxillare – right zygomaxillare
right ectoconchion – left zygomaxillare
left zygoorbitale – right zygoorbitale
left dacryon - right zygoorbitale
left mpl – right zygoorbitale
right zygomaxillare – left zygoorbitale
left ectoconchion - right zygomaxillare
right ectoconchion – left zygoorbitale
left zygomaxillare – right zygoorbitale

-0.362519
-0.367589
-0.367912
-0.368193
-0.368631
-0.374152
-0.381048
-0.382191
-0.387431
-0.3934

right frontomalare – left zygoorbitale
left frontomalare – right zygoorbitale
left ectoconchion – right zygoorbitale

-0.395659
-0.400453
-0.412257
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Principal Components Analysis
Principal components analysis was performed on the ILD data without the
regression (shape) scores as a means of reducing the data in order to further
explore the relationship among the changes in the cranial face and anterior base.
Table 29 lists the eigenvalues for the first 7 principal components which account
for 74.4% of the variance in the data. Figure 78 shows the scree plot of the
eigenvalues for the first 10 principle components (dimensions) and the percent of
variance accounted for by each.

Table 29: Eigenvalues, percent of variance, and cumulative percent of
variance for the first 5 principal components.
Principal component

Eigenvalues

% Variance

Cumulative %

PC 1
PC 2
PC 3

98.47173
17.52070
12.01667

46.89130
8.343233
5.722222

46.89130
55.23453
60.95675

PC 4
PC 5
PC 6

10.06346
7.498397
5.882782

4.792123
3.570665
2.801325

65.74888
69.31954
72.12087

PC 7

4.775523

2.274059

74.39493
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Figure 78: Scree plot of the eigenvalues for first 10 principal components (interlandmark distance data).

195

The bar plots of the variables contributing to PC1 and PC2 were
constructed in RStudio version 1.0.153 (RStudio Team, 2015) through the
utilization of the package “factoextra” (Kassambara and Mundt, 2017). Figure 79
presents a bar plot displaying the percent contributions of the first 50 ILDs to the
first principal component. A bar plot of the contributions (in percentages) of first
50 ILDs to the second principal component are shown in Figure 80.
The percentage for each variable was calculated by obtaining square of the
variable coordinates (cos2), multiplying that value by 100, and then dividing by
the total cos2 of the principle component (Kassambara, 2017). “Cos2” is the
squared cosine and is equal to the squared loadings of the variable and represents
the “quality of the representation of the variable on the factor map” (Kassambara,
2017:20). The cos2 value indicates the “importance of a component for a given
observation.... [and] indicates the contribution of a component to the squared
distance of the observation to the origin” (Abdi and Williams, 2010:437-438).
Thus, if a correlation circle plot is used to visualize the relationships among the
variables, variables that are further away from the center and closer to the edge of
the correlation circle have a greater representation on the factor map and are those
that should be interpreted (Abdi and Williams, 2010; Kassambara, 2017).
The sum of all of the cos2 values on a PC should be equal to 1. However,
due to the large number of interlandmark distances that were analyzed it was not
possible to present a bar plot showing the percent contributions for all 210
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interlandmark distances. Therefore, only the first 50 were chosen for graphical
representation of the ILDs which contributed to PC1 and PC2. A correlation
circle plot of the first 50 variables that contributed to the variance in the first and
second principal components is presented in Figure 81. A correlation circle plot
of the first 50 variables that contributed to the second and third principal
components is displayed in Figure 82
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Figure 79: Bar plot of the first 50 interlandmark distance contributions (in percentage) to PC1.
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Figure 80: Bar plot of the first 50 interlandmark distance contributions (in percentage) to PC2.
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Figure 81: Correlation plot of the first 50 variables contributing to the first and second principle axes.
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Figure 82: Correlation plot of the first 50 variables contributing to the second and third principle axes
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The results of the PCA of the ILDs corroborate those of the Pearson
correlation which utilized the shape scores. The first bar plot (Figure 79) consists
of craniofacial landmarks and their contributions (in percentages) to PC1. The
second bar plot (Figure 80) is predominantly comprised of distances between
landmarks of the cranial base and a few ILDs of the face which contribute to PC2.
The results displayed in these bar plots suggest that the greatest contributions to
these principle components consists primarily of the variability in the distances
between facial landmarks and secondarily of those between the face and cranial
base.
Two correlation circle plots of the first 50 variables contributing to the
variance in PC 1 and PC2, and PC2 and PC3 were also computed using
“factoextra” (Kassambara and Mundt, 2017). According to Abdi and Williams
(2010), variables located on the same side of the plot are positively correlated
with one another, while variables on opposing sides (quadrants) indicate negative
correlations among the variables. The angles observed between the plotted
variables are also informative as to the correlations among the variables (Cordella,
2012). According to Cordella (2012), acute angles indicate positive correlations
among variables, a 90° angle denotes no correlation, and an obtuse angle between
groups signifies a negative correlation among variables.
The correlation circle plot of the first 50 variables contributing to the first
and second principle components shown in Figure 81 shows that PC1 reflects the
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degree of change among the variable groups composed of cranial base measures
and craniofacial measures. Both variable groups are located on the same side of
the plot, and the acute angle formed between the craniofacial ILDs and the cranial
base ILDs indicates that these groups are positively correlated. The variables
within the craniofacial ILDs group and within the cranial base ILDs group exhibit
strong positive correlations with one another. The second principle component
separates the craniofacial ILDs from those of the base. The quality of
representation for these variables (distance from the origin and proximity to the
circle) indicates that these variables are important for the interpretation of PC1.
The distinct separation of the cranial base ILD variables from that of the cranial
face ILD variables along the PC2 axis suggests that as cranial base length is
increasing, facial width is decreasing, and these changes area related to one
another.
The variables along the second and third PCs contribute far less to the
variance compared to PC1; however, the correlation plot of these variables shown
in Figure 82 is still informative as to the relationships among these variables. The
second principle component still shows a clear separation between the
craniofacial and base ILDs. The slightly obtuse angle formed between these
variable groups now indicates they are negatively correlated and suggests that
while the changes occurring in these aspects of the cranium are related, the
changes are in opposing directions. Thus, PC2 shows an increase in cranial base
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length and a decrease in facial width. The second axis representing PC3 shows
the ILDs between landmarks contributing to facial height separated and on the
opposite side from the other ILDs. The location of this group of landmarks
suggests that facial height is increasing in conjunction with the other observable
changes occurring in the other landmark groups.

Linear and Piecewise Regression Analyses
In order to determine the significance of change in the measurements
observed as the greatest contributors to the variance in craniofacial and anterior
cranial base morphology, linear regression analyses were executed on individual
ILDs on year of birth. The individual ILDs chosen for regression analyses are
listed in Table 30. All bilateral landmarks were used as autonomous landmarks in
the correlation analysis and the PCA. As a result, several ILDs which were
observed to be among the greatest contributors to the variance consisted of
measurements between a midline landmark and each of the individual sides of a
paired set. Regressions were performed using only the left landmark in
conjunction with the midline landmark in these instances. In addition to those
chosen due to their strong correlation to shape scores and contribution to the PCA
variance, the distances between nasion and prosthion (upper facial height) and
nasion to basion (cranial base length) were also examined to determine the
presence of change in these particular craniometric measures.
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Table 30: Interlandmark distances chosen for individual regression
analyses.
Interlandmark Distance

Name of Measurement

Opisthion to Prosthion
Opisthion to Subspinale
Opisthion to Nasion
Opisthion to Left Alare
Opisthion to Left Dacryon
Opisthion to Left Zygoorbitale
Opisthion to Staurion
Opisthion to Hormion
Opisthion to Left ectoconchion
Opisthion to Left Frontomalare Anterior
Opisthion to Left mpl
Opisthion to Left Zygomaxillare
Basion to Subspinale
Basion to Left Dacryon
Basion to Nasion

Cranial Base Length

Basion to Left Alare
Basion to Left Zygoorbitale
Basion to Hormion
Right Zygoorbitale to Left Ectoconchion
Right Zygoorbitale to Left Frontomalare
Right Zygoorbitale to Left Zygomaxillare
Right Zygomaxillare to Left Ectoconchion
Right Zygoorbitale to Left Zygoorbitale
Right Zygomaxillare to Left Zygomaxillare
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Table 30: (cont.)
Interlandmark Distance

Name of Measurement

Right Ectoconchion to Left Ectoconchion

Biorbital Breadth

Right Dacryon to Left Dacryon

Interorbital Breadth

Prosthion to Basion

Basion-Prosthion Length

Nasion to Prosthion

Upper Facial Height

Results of the regression analyses are presented in Table 31. The p-values
indicate that all of the ILDs examined have either undergone significant increases
or decreases in length over time with the exception of the distance between
opisthion and left zygomaxillare (alpha = 0.05). Out of all the regressions that
were executed, the distance between nasion and prosthion (upper facial height)
was discovered to have a non-linear relationship with year of birth. Therefore, a
piecewise linear regression was performed.
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Table 31: Results of regression analysis of selected interlandmark distances on year of birth.
Interlandmark Distance

Changepoint

Intercept

Slope

R-Squared

P-value

ops to prosH

no

34.2741

0.0489

0.0262

0.0000

ops to ssp

no

30.4050

0.0499

0.0301

0.0000

ops to nas

no

52.5386

0.0438

0.0259

0.0000

ops to alarl

no

50.8642

0.0375

0.0206

0.0002

ops to dacl

no

56.4893

0.0355

0.0202

0.0002

ops to zygool

no

61.1906

0.0314

0.0161

0.0011

ops to staur

no

32.5106

0.0307

0.0157

0.0012

ops to hor

no

12.2207

0.0271

0.0268

0.0000

ops to ectl

no

64.4110

0.0294

0.0167

0.0009

ops to fmal

no

77.0727

0.0263

0.0127

0.0037

ops to mpll

no

71.4287

0.0247

0.0111

0.0065

ops to zygoml

no

76.0807

0.0189

0.0058

0.0506

bas to ssp

no

17.1791

0.0380

0.0270

0.0000

bas to dacl

no

26.2822

0.0329

0.0270

0.0000

bas to nas (cranial base length)

no

23.4783

0.0407

0.0328

0.0000

bas to alarl

no

33.9827

0.0273

0.0176

0.0006

bas to zygool

no

40.4625

0.0238

0.0147

0.0018
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Table 31 (cont.).
Interlandmark Distance

Changepoint

Intercept

Slope

R-Squared

P-value

bas to hor

no

-17.0250

0.0238

0.0401

0.0000

bas to prosH

no

29.1679

0.0332

0.0176

0.0006

zygoor to ectl

no

119.2429

-0.0224

0.0161

0.0011

zygoor to fmal

no

125.6670

-0.0243

0.0178

0.0006

zygoor to zygoml

no

129.2740

-0.0284

0.0204

0.0002

zygomr to ectl

no

153.6362

-0.0288

0.0220

0.0001

zygoor to zygool

no

93.5099

-0.0218

0.0107

0.0078

zygomr to zygoml

no

160.4607

-0.0370

0.0267

0.0000

ectr to ectl (biorbital breadth)

no

132.6422

-0.0184

0.0112

0.0064

dacr to dacl (interorbital breadth)

no

53.4994

-0.0168

0.0304

0.0000

nas to prosH (upper facial height)

yes (~1928)

89.4145

-0.0117

0.0029

0.1666

nas to prosH (1843-1928) (n=161)

no

190.9224

-0.0650

0.0742

0.0005

nas to prosH (1928-1990) (n=515)

no

-27.0892

0.0481

0.0142

0.0069
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The distances between opisthion and the landmarks prosthion, subspinale,
nasion, alare, dacryon, zygoorbitale, staurion, hormion, ectoconchion,
frontomalare anterior, and mpl have all significantly increased over time. The
regression of the distance between opisthion and zygomaxillare shows an increase
in the length among those landmarks, but this increase is not significant. Figures
83 - 94 display the individual linear regression plots for each of these distances on
year of birth. Distances between basion and the landmarks subspinale, dacryon,
alare, zygoorbitale, prosthion, and hormion have also significantly increased over
time. In addition, cranial base length (basion to nasion) has increased
significantly. Figures 95 – 100 present the regression plots of each of these
distances on year of birth.
In contrast to the increases in distances specified above, distances between
several craniofacial landmarks have decreased. Distances between right
zygoorbitale and the landmarks left ectoconchion, left frontomalare, and left
zygomaxillare have all significantly decreased. Figures 101, 102, and 103 present
the plots of each of these distances regressed onto year of birth. The distance
between right zygomaxillare and left ectoconchion has also significantly
decreased. Figure 104 presents the plot of the regression of this distance on year
of birth.
Significant decreases in the distances between right and left zygoorbitale,
right and left zygomaxillare, right and left ectoconchion (biorbital breadth), and

209

right and left dacryon (interorbital breadth) were also identified. Individual plots
of the regressions of these distances on year of birth are presented in figures 105108.
Upper facial height (nasion to prosthion) was the only ILD identified to
have a pattern of change that was not linear. The negative slope of the regression
for this distance would denote a decrease in the distance between prosthion and
nasion; however, the results were not significant (p-value = 0.1666). A
segmented regression of this distance on year of birth was executed to ascertain
the pattern of change in upper facial height and to identify the approximate
temporal break point in the regression line. Figure 109 presents the piecewise
regression plot of the distance between nasion to prosthion on year of birth. The
results of the segmented regression indicate that the distance between prosthion
and nasion (upper facial height) significantly decreased prior to 1928 and has
significantly increased since that time.
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Figure 83: Regression plot of opisthion to prosthion on year of birth.
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Figure 84: Regression plot of opisthion to subspinale on year of birth.
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Figure 85: Regression plot of opisthion to nasion on year of birth.
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Figure 86: Regression plot of opisthion to left alare on year of birth.
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Figure 87: Regression plot of opisthion to left dacryon on year of birth.
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Figure 88: Regression plot of opisthion to left zygoorbitale on year of birth.
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Figure 89: Regression plot of opisthion to staurion on year of birth.
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Figure 90: Regression plot of opisthion to hormion on year of birth.
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Figure 91: Regression plot of opisthion to left ectoconchion on year of birth.
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Figure 92: Regression plot of opisthion to left frontomalare anterior on year of birth.
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Figure 93: Regression plot of opisthion to left mpl on year of birth.
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Figure 94: Regression plot of opisthion to left zygomaxillare on year of birth.
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Figure 95: Regression plot of basion to subspinale on year of birth.
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Figure 96: Regression plot of basion to left dacryon on year of birth.
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Figure 97: Regression plot of basion to nasion (cranial base length) on year of birth.
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Figure 98: Regression plot of basion to left alare on year of birth.
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Figure 99: Regression plot of basion to left zygoorbitale on year of birth.
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Figure 100: Regression plot of basion to hormion on year of birth.
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Figure 101: Regression plot of left ectoconchion to right zygoorbitale on year of birth.
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Figure 102: Regression plot of left frontomalare to right zygoorbitale on year of birth.

230

Figure 103: Regression plot of left zygomaxillare to right zygoorbitale on year of birth.
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Figure 104: Regression plot of right zygomaxillare to left ectoconchion on year of birth.
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Figure 105: Regression plot of right zygoorbitale to left zygoorbitale on year of birth.
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Figure 106: Regression plot of right zygomaxillare to left zygomaxillare on year of birth.
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Figure 107: Regression plot of right ectoconchion to left ectoconchion (biorbital breadth) on year of birth.
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Figure 108: Regression plot of right dacryon to left dacryon (interorbital breadth) on year of birth.
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Figure 109: Regression plot of nasion to prosthion (upper facial height) on year of birth.
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Cranial Angle Analysis
Several cranial angles were also examined via regression analysis in order
to further identify patterns of morphological change and to corroborate the results
of the previous analyses in this study. The samples used in the analysis of cranial
angles were considerably larger than that of the aforementioned analyses with the
exception of the cranial base angle sample. Results of the regression analyses of
the cranial angles on year of birth are listed in Table 32. Figure 109 displays the
piecewise linear regression plot of changes in the nasion angle (NAA) over time.
The piecewise linear regression plot of changes in the prosthion angle is shown in
Figure 110. Figure 111 presents the linear regression plot of changes in the
basion angle. Figure 112 shows the plot of changes over time in the nasion angle
(NBA). The piecewise linear regression plot of changes in the shape over time in
the zygomaxillary angle is presented in Figure 113. Figure 114 shows the linear
regression plot of changes over time in the nasio-frontal angle. Figure 115
displays the linear regression plot of changes in the dacryal angle over time.
Figure 116 presents the regression plot of changes over time in the cranial base
angle.
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Table 32: Linear and piecewise regression analyses results for the cranial angle data.
Cranial Angle
Nasion angle (NAA)

Changepoint(s) Intercept

Slope

R-Squared P-value

yes

1812-1865 (n=84)

12.0360

0.0283

0.0076

0.4306

1865-1930 (n=326)

122.2023

-0.0307

0.0243

0.0048

1930-1990 (n=813)

14.3382

0.0251

0.0077

0.0123

1812-1900 (n=232)

76.2844

-0.0009

0.0000

0.9438

1900-1930 (n=247)

-44.7766

0.0631

0.0161

0.0467

1930-1990 (n=761)

104.4837

-0.0143

0.0023

0.1907

Prosthion angle (PRA)

yes

Basion angle (BAA)

no

64.6831

-0.0127

0.0227

0.0000

Nasion angle (NBA)

no

56.1143

0.0120

0.0155

0.0000

Zygomaxillary angle (SSA)

yes

1812-1906 (n=252)

122.5169

0.0005

0.0000

0.9770

1906-1990 (n=1197)

294.0683

-0.0896

0.0605

0.0000

Nasio-frontal angle (NFA)

no

202.4036

-0.0343

0.0442

0.0000

Dacryal angle (DKA)

no

148.7465

-0.0052

0.0006

0.3271

Cranial base angle (CBA)

no

167.75464

0.0027

0.0003

0.6768
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Figure 110: Piecewise linear regression plot of changes over time in the nasion angle (NAA) with breakpoints.
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Figure 111: Piecewise linear regression plot of changes over time in the prosthion angle (PRA) with
breakpoints.
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Figure 112: Linear regression plot of changes over time in the basion angle (BAA).
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Figure 113: Linear regression plot of changes over time in the nasion angle (NBA).
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Figure 114: Piecewise linear regression plot of changes over time in the zygomaxillary angle (SSA).
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Figure 115: Linear regression plot of changes over time in the nasio-frontal angle (NFA).
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Figure 116: Linear regression plot of changes over time in the dacryal angle (DKA).
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Figure 117: Linear regression plot of changes over time in the cranial base angle (CBA).
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The initial regression analysis of NAA (nasion angle) indicates that the
pattern of change in this angle is not linear. Therefore, a segmented regression
was performed on the data, and two changepoints, 1867 and 1927, were detected.
Regressions performed before and after each off these changepoints indicate that
from 1810 to 1830 the angle formed at nasion between basion and prosthion
became less acute, but this change was not significant. Between 1830 to 1930 the
angle became significantly more acute. Since 1930 the nasion angle has become
significantly less acute. The overall trend from 1812 to 1990 shows that the angle
has become more acute with fluctuations in shape over time.
The initial analysis of PRA (prosthion angle) also indicated that changes
in the shape of this angle over time are not linear. The segmented regression
detected two changepoints in the data occurring at 1898 and 1927. Regression
analyses of the patterns of change before and after these changepoints shows
relatively little change in this angle prior to 1898 when the angle begins to
significantly become less acute until approximately 1927. Thereafter, the angle
shows a slight trend towards becoming more acute over time. The overall trend in
the data indicates that this angle has become less acute over time.
The linear regression analysis of the basion angle (BAA) reveals that this
angle has become significantly more acute over time. Linear regression of the
nasion angle (NBA) formed by the sides basion-nasion and bregma-nasion with
its vertex at nasion shows that this angle has become significantly less acute over
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time due to the inferior shifting of basion in combination with the increase in
basion-bregma height (BBH).
Initial regression analysis of the zygomaxillary angle revealed that the
pattern of change in this angle is not linear. The piecewise linear regression
executed on the data resulted in the detection of one temporal changepoint
occurring in 1906. Regression analysis performed on the data prior to and after
this year indicates that there was little change in the shape of this angle until
approximately 1906. Since 1906, this angle has become significantly less obtuse
over time.
Linear regression analysis of the nasio-frontal angle on year of birth shows
that this angle has become significantly less obtuse over time. Linear regression
analysis of the dacryal angle indicates that there has been very little change in the
shape of this angle over time.
Because the cranial base angle was calculated from the sample employed
for the GPA and ILD analyses, the sample size for this regression was
significantly smaller than those utilized in the analyses of the previous angles. In
addition, 3 outliers were removed from the data resulting in a sample size of
n=659. The linear regression analysis of the cranial base angle on year of birth
indicates that there has been little change in the shape of this angle over time.
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Chapter 6
Discussion
This study has explored the presence of secular changes in craniofacial
and anterior base morphology in the White American population from the earlyto-mid 1800s to 1990. The results of the multivariate regressions of shape scores
on year of birth for all coordinate data sets indicate that significant changes have
occurred in various aspects of craniofacial and anterior base morphology. The
employment of geometric coordinate data, traditional, and non-traditional
craniometric measurement data for the utilization of complementary statistical
analyses was found to be a highly effectual approach to the examination and
corroboration of the presence, direction, and degree of shape changes occurring in
these aspects of the cranium. This discussion presents a synthesis of the results of
the statistical analyses reported in Chapter 5 which provides evidence that the
cranial face has become more leptoprosopic (tall and narrow) as the cranial vault
has concomitantly become dolichocephalic over time.

Secular Changes in Craniofacial Morphology
The principal components analyses performed after the GPA on each
coordinate data set revealed shifts in the position of each landmark relative to the
others in every landmarks configuration.

According to Klingenberg (2013), each
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point within a shape space corresponds to the shape of a particular structure, and
thus changes in shape can be visualized by the movement of a point from its
starting shape to that of a point which denotes that of a target shape.
Morphological changes in facial breadth and projection were found to be
significantly associated with year of birth, but an exact interpretation of shape
changes based solely on the PCA analysis proved problematic. The utilization of
MorphoJ version 1.06d (Klingenberg, 2011) for the analyses of the coordinate
data was expedient and advantageous, but the output did not specifically name
which landmarks were among those that were the greatest contributors to the
variance for each PC. Nonetheless, assertions could be made regarding the
overall variability in landmark positions and about the landmarks which appeared
to be amongst the greater contributors to shape changes over time based on the
wireframe graphs. The additional statistical analyses of interlandmark distances
was essential for the specification and substantiation of those landmarks which
significantly contributed to morphological changes.
Klingenberg (2013) asserts, Procrustes superimposition facilitates an
initial assessment of shape data; however, graphs generated from the GPA such as
those constructed during PCA cannot be utilized for a direct interpretation of
shape change. While these graphical representations are robust, variation is
spread amongst all landmarks and therefore all landmarks will show shifts in
position relative to the position and movements of the other landmark the overall
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configuration (Klingenberg, 2013). Because the principle component axes are
orthogonal, uncorrelated with regard to their variance, and composed of different
factor loadings in terms of the contributions of each variable to the variance, each
PC reflects a different aspect of change. Thus, an interpretation of the directions
of shape changes in its entirety cannot be based solely on one PCA graphical
representation. The different patterns of variation among the landmark
configurations presented in the multiple PCA wireframe graphs in this study
provide evidence that the construction and survey of multiple PCA graphs is
necessary to interpret overall patterns of morphological change. Facial landmarks
which appeared to contribute to regions of morphological change were observed
to be those which exhibited the greatest variability in movement. These facial
landmarks were identified as being significantly associated with year of birth and
included prosthion, subspinale, nasion, zygoorbitale, and zygomaxillare.
Multivariate regressions of the shape scores conducted on the set of all
coordinate data and the subset of 19 craniofacial landmarks were both statistically
significant. The regression (shape) scores “includes the residual variation in [the]
direction of shape space” (Klingenberg, 2008). Thus, the linear trend observable
in the regression plots generally suggest that the secular changes in morphology in
the cranial face has been relatively sustained throughout the period of time
examined in this study.
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Canonical variates analysis was performed using the data set consisting of
all landmarks, and the permutation test of the Mahalanobis distances indicated
that differences among the 25-year birth-year cohorts was statistically significant.
The first canonical axis represented time, and the plot of the canonical variates
showed a distinct separation between the 19th century and 20th century cohorts.
Thus, the separation amongst the birth-year cohorts indicates that secular changes
in craniofacial morphology has occurred. The cohort containing individuals with
birth years 1891-1915 is located near the center and likely reflects a period of
significant transition in cranial shape. The wireframe graphs constructed from the
canonical variates showed the presence of morphological changes over time in
facial height, facial breadth, midfacial projection, lateral facial retrusion, and
orbital shape.
The CVA executed on the craniofacial landmark data subset also showed
results similar to that of the analysis performed on the aforementioned data set
which included basion and prosthion. The permutation test of the Mahalanobis
distances indicated that the craniofacial shapes of individuals born during the 19th
century were significantly different from those born during the 20th century.
Furthermore, differences among the cohorts within the 19th and 20th centuries
were observed. The cohort containing individuals with birth years spanning the
turn of the century was located near the center and likely represents a period of
time during which significant transitions in shape may have occurred. These
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wireframe graphs also showed changes in facial breadth, orbital shape, and
midfacial projection have occurred over time in addition to changes in maxillary
shape.
The additional results of the canonical variates analyses of these same
birth-year cohorts further partitioned by sex showed that the tempo and direction
of changes in craniofacial morphology have been similar for males and females
over time. The first canonical variate separated the groups by sex, and the second
canonical variate separated the cohorts temporally. Both males and females
exhibit nearly identical patterns in the tempo of changes in cranial morphology
over time. Changes among females appear to precede those of males slightly,
however this may be an artifact of the small sample sizes for the female 18431865 and 1866-1890 cohorts. It is also interesting to note that females appear to
have experienced little change after 1941, while male craniofacial shape appears
to still be undergoing some slight changes in morphology.
As previously stated, the PCA was instrumental for the exploration and
discovery of morphological changes in several craniofacial regions that were
significantly associated with year of birth. According to Klingenberg (2013),
because the variance contained with each principal component is comprised of
different combinations of landmarks contributing to the cumulative variation, the
PCs reveal differing perspectives of shifts in the positions of the individual
landmarks within the larger configuration. Thus, the wireframe graphs
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constructed from the PCA do not allow for a literal interpretation of the
directionality of landmark movements. Therefore, additional analyses which
employed the interlandmark distances was necessary for the determination of the
specific craniometric landmark contributors to morphological changes. The
employment of regression analyses of interlandmark distances (ILDs) on year of
birth also allowed for the identification of the directions and magnitude of
morphological changes over time.
A Pearson correlation was executed utilizing the shape (regression) scores
and ILDs. As stated previously, the regression scores used in the correlation
analysis represents the shape variables which are most strongly associated with
year of birth. Results of the Pearson correlation revealed that numerous ILDs
between facial landmarks and the cranial base landmarks opisthion or basion had
strong positive correlations with the shape (regression) scores. Facial ILDs were
found to have strong to moderate negative correlations with the shape (regression)
scores.
These results were corroborated with the principal components analysis
performed on the ILD data. Although, this is not a traditional method of
analyzing shape data or exploring morphological changes in shape over time, this
method has been used to investigate shape variation within a species (Jamniczky
and Hallgrímsson, 2008). The results of the principle components analysis
examining the correlations among the ILDs variables indicated that craniofacial
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change was related to changes occurring in the cranial base. Furthermore, these
changes were negatively correlated with changes occurring in craniofacial height.
Thus, the cranium is changes in three directions; facial width is decreasing,
cranial base length is increasing, and facial height is increasing.
Linear regression analyses of the distances between opisthion and the
landmarks prosthion, subspinale, nasion, alare, dacryon, zygoorbitale, staurion,
hormion, ectoconchion, frontomalare, and mpl on year of birth were all
significant. Thus, the distances between opisthion and the orbital region,
midfacial region, and midline landmarks appear to have all increased. Similar to
the findings of opisthion, linear regressions of the distances between basion and
subspinale, nasion, alare, zygoorbitale, hormion, and prosthion on year of birth
were also significant. The significant increase in length between basion and
nasion (cranial base length) indicates that cranial base length has increased over
time. All of the above results combined suggest that the distances between
opisthion, basion, and hormion and the face have increased. Possible
interpretations for the apparent increase in the distance between the cranial base
and the face over time are that 1) the cranial base has elongated, 2) facial
projection (prognathism) has increased, and 3) these changes have concomitantly
occurred over time.
In contrast to the observed increases in distances between the facial
landmarks and those of the cranial base, regression analyses of the facial ILDs on
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year of birth reveal that distances between lateral craniometric facial landmarks
have significantly decreased over time. Both biorbital and interorbital breadths
have decreased significantly over time. In addition, the distance between right
and left zygoorbitale has also significantly decreased. Together, these results
suggest that the breadth of the orbital region of the face has significantly
narrowed over time. The distance between right and left zygomaxillare has
decreased significantly over time. Other distances observed to have decreased
significantly over time include non-standard ILD measures of the face including
the distances between right zygoorbitale and left ectoconchion, left frontomalare
anterior, and right zygomaxillare. In addition, the distance between right
zygomaxillare and left ectoconchion has also significantly decreased. These
combined results suggest that the upper face has narrowed over time.
With regard to the analysis of upper facial height (nasion to prosthion), the
results of the Pearson correlation of the prosthion and nasion interlandmark
distance was not correlated with the shape scores (r = -0.001907). However, the
ILD between nasion and opisthion was found to be highly correlated with the
shape scores (r = 0.482882). The ILD between nasion and basion was also found
to have a strong correlation to the shape score (r = 0.484879). Furthermore,
strong correlations were observed between the shape scores and the ILDs between
prosthion and opisthion (r = 0.523591) and prosthion and basion (r = 0.438504).
The initial regression analysis of changes in upper facial height (nasion to

257

prosthion) revealed that the pattern of change for this interlandmark distance was
non-linear. Therefore, a piecewise (segmented) regression was executed and a
change point occurring in 1928 was ascertained. The piecewise linear regression
of upper facial height on year of birth shows a significant decrease in upper facial
height until 1928 when upper facial height is observed to have significantly
increased.
The presence of the 1928 change point in the regression of upper facial
height was supported by the subsequent necessity to execute piecewise
regressions on the data for nasion angle (NAA) and prosthion angle (PRA) which
were also ascertained as having non-linear relationships among the dependent and
independent variables. The timing of the change points in these piecewise
regressions also substantiated the 1928 change point observed in the regression
analysis of upper facial height. The segmented regression of the nasion angle
(NAA) on year of birth indicated two change points were present. The first
occurring in 1867, and the second occurring in 1927. Prior to 1867, the angle
becomes less acute. Between 1867 and 1927, the angle becomes more acute, and
then becomes less acute thereafter. The segmented regression of the prosthion
angle (PRA) also revealed the presence of two change points occurring in 1898
and 1927. Very little change in the angle was observed prior to 1898. Between
1898 and 1927 the angle becomes significantly less acute. After 1927, the
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prosthion angle (PRA) was observed to become slightly more acute over time, but
this change was not significant.
Linear regression analysis shows that the basion angle (BAA) has become
significantly more acute over time. The contemporaneous changes observed in
the shapes of the basion angle (BAA), the nasion angle (NAA), the prosthion
angle (PRA), the recent significant increase in upper facial height, and the
significant increase in cranial base length are integrated components. Changes in
landmark position and changes in the sharpness of these angles have each been
individual contributors to the resulting increase in facial prognathism and facial
height over time. A graphical example of this shape transformation is shown in

Upper Facial Height

Figure 118. As described by Key (1983), as the prosthion angle becomes more
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Figure 118: Differences in NAA, BAA, and PRA angle shapes over time.
a) 19th to early 20th century NAA, BAA, and PRA angle shapes. b) 20th
century NAA, BAA, and PRA angle shapes
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acute and the nasion angle becomes less acute the lower aspect of the face
(alveolar process) becomes more prognathic. The increased projection is further
augmented by the increase in basion-prosthion length. The increases in cranial
base length and facial height have also contributed to the changes observed in the
three angles.
The piecewise linear regression analysis of the zygomaxillary angle (SSA)
shows that there is little change in the shape of the angle until approximately 1906
when the angle becomes significantly less obtuse. Regression analysis of the
nasio-frontal angle (NFA) shows that the angle formed by left and right
frontomalare with its vertex at nasion has also become significantly less obtuse
over time. The dacryal angle (DKA) has become less obtuse, but this change is
not significant. These results corroborate those of the linear regressions of the
craniofacial landmarks on year of birth which suggested that the face has become
narrower over time. When taken into consideration with the observed significant
decreases observed in the linear regressions of the craniofacial landmarks, these
results indicate retrusion of the lateral aspect of the upper face and subnasal
region which suggests the face has developed a more “peaked” appearance in
addition to have becoming narrower. These results in combination with the
observed increase in facial prognathism support the changes identified in
mandibular morphology by Martin and Danforth (2009)
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Examination of the regression of the nasion angle (NBA) on year of birth
indicates that the angle has become significantly less acute over time. The
increase in degrees of this angle formed by the landmarks bregma, basion, and
nasion as the vertex is in agreement with the findings of Wescott and Jantz (2005)
and Jantz and Meadows Jantz (2016) that cranial vault height has increased, and
this increase is likely due to changes in shape of the cranial base.

Secular Changes in Anterior Cranial Base Morphology
Results of the PCA performed on the Procrustes distances indicated that
the shape of the cranial base has changed over time. When all landmarks were
included in the analysis, PC1 accounted for changes in the cranial base and was
found to be significantly associated with year of birth. When the 19 craniofacial
landmarks were examined, PC8 was significantly associated with year of birth
and was identified as being associated with changes in basicranial length. Results
of the PCA of the 7 anterior cranial base landmarks revealed that PC4 was
significantly associated with year of birth and was associated with changes in the
flexion of the cranial base. Multivariate regression of the shape scores on year of
birth showed that significant changes in the shape of the anterior cranial base have
occurred over time and the rate of change has been consistent throughout the
1840s to 1990.
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The canonical variates analysis of the cranial base landmarks with the
sexes grouped together indicates that the first canonical variate represents time
and provides a visible temporal separation among 19th and 20th century
individuals. However, unlike the two previous CVA analyses, the analysis for
this subset shows the cohort containing individuals born during the turn of the
century grouped with the 19th century cohorts. This may be an indication that
changes in the shape of the cranial base may have slightly preceded those of the
face and may therefore be responsible for changes in the shape of the face over
time. Results of the permutation test of the Mahalanobis distances between the
birth-year cohorts were all significant. The wireframe graph of the first canonical
variate shows a clear increase in upper facial height in association with a change
in the flexion of the cranial base over time. The wireframe graph also presents
evidence of secular change in the shape of the cranial base (in particular the
upward and forward movement of basion) in association with changes in the
position of other midline landmarks.
The CVA executed on these landmarks with the cohorts further partitioned
by sex differed from those of the prior CVAs performed on all landmarks and
those of the craniofacial subset. The permutation test on the Mahalanobis
distances indicate that the shape of the anterior cranial base for females born in
1966-1990 was not significantly different from those of females born earlier than
1966. The male cohorts appear to begin to show significant differences in cranial
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base shape near the start of the 20th century. Although the plot looks quite
different from the previous two CVA plots of all landmarks and the craniofacial
data, the CVA plot of the cranial base score averages shows that males and
females appear to have undergone somewhat similar patterns and tempo of
change in the shape of the cranial base throughout the period for which data were
available. Males and females born before the turn of the century are grouped at
the bottom of the plot. The shape of the cranial base in male 1866-1890 cohort
appears to be similar to that of females born during 1843-1865. The shape of the
cranial base for the female 1866-1890 cohort appears to significantly diverge
from that of males, but this may be a result of the sample size (n=2) of that female
cohort. Females born during the turn of the century and the 20th century are all
grouped close together at the top of the plot while the male cohorts are further
spaced apart which suggests that shape changes in the cranial base in females
preceded those that have occurred in males born during the same time period.
As stated previously in this study, the ILDs identified in the Pearson
correlation matrix as having the highest positive correlations to the shape scores
where those which included one cranial base landmark (opisthion or basion) and a
craniofacial landmark comprising the distance. The principal components
analysis performed on the ILDs supported the results of the correlation. Those
ILDs identified as having the greatest variance were those which included a
cranial base landmark.
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As stated previously in the “Methods” chapter in this study, hormion was
used as a proxy for the endocranial landmark sella as a result of the insufficient
number of individuals from which sella could be captured as a digitized
measurement. Sella is routinely used in cephalometric studies to examine the
anterior cranial base length (measured as nasion to sella), basicranial flexion (presellar sphenoid to the spheno-occipital clivus, also the angle formed between
basion, sella, and foramen cecum, and the cranial base angle (nasion to sella to
basion (NSBa)) (Cossio et al., 2016; Cendekiawan et al., 2010; Bastir et al.,
2010). Sella has also been utilized in studies examining modular integration of
the of the cranial base and face (Neaux et al., 2013).
The results of the linear regression analysis using hormion showed that the
cranial base angle (CBA) has become more obtuse over time which indicate that
the cranial base is becoming flatter but these changes were slight and not
statistically significant. Thus, despite the significant changes in craniofacial
morphology identified in this study and those of the cranial base (opisthion and
basion) observed in this study and by Wescott and Jantz (2005), the results of the
linear regression of the cranial base angle on year of birth suggests that the cranial
base angle appears to have remained relatively constant. The parsimonious
justification for this result is that there has been no change in the shape of the
cranial base angle over time. Alternative explanations for this result is that 1)
hormion served as a poor proxy for sella, and/or 2) changes in the face are not
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related to the midline anterior cranial base but may be the result of changes
occurring in the shape of the lateral basicranium which comprises the anterior and
middle cranial fossae. Due to the lack of a sizable sample of data which includes
sella as a digitized craniometric landmark, the effectiveness of hormion as a proxy
cannot presently be tested.
Examination of the regression of the nasion angle (NBA) on year of birth
indicates that the angle has become significantly less acute over time. The
increase in degrees of this angle formed by the landmarks bregma, basion, and
nasion as the vertex is in agreement with the findings of Wescott and Jantz (2005)
and Jantz and Meadows Jantz (2016) that cranial vault height has increased, and
this increase is likely due to changes in shape of the cranial base. The dacryal
angle (DKA) was observed to have become less obtuse over time, but this change
was slight and not statistically significant.

Relevance of the Present Study
The results of this study have provided evidence of secular changes in the
morphology of the cranial face and anterior base in Euro-Americans have
occurred between 1812-1990. Findings based on the use of geometric and
traditional morphometric analyses suggest that the cranial face has become more
leptoprosopic (tall and narrow), midfacial projection has become more
pronounced as the lateral aspects of the face have become more retruded over

265

time. The anterior cranial base has increased in length and undergone
morphological changes in tandem with the observed changes in facial
morphology. The CVA of 25-year birth-year cohorts revealed that while the
secular changes that have occurred in cranial morphology have been relatively
continuous over time and substantial enough to differentiate generations from one
another. While it may be argued that this tempo of change is too rapid, a study
conducted by Antoun et.al. (2014) identified that secular changes in craniofacial
growth can differ among birth-year cohorts separated by only a few decades.
A study conducted by Smith et.al. (1986) contends that changes in
craniofacial shape observed between parents and offspring provide evidence of
developmental independence among facial axes and that such changes are not
associated with particular cranial elements, the results of this study in addition to
research conducted by others provide evidence to the contrary (Enlow and
Moyers, 1982; Lewin et.al., 1973; Jantz and Meadows Jantz, 2000; Little et.al.,
2006; Hallgrímsson et al., 2007; Weisensee and Jantz, 2011; Jantz and Meadows
Jantz, 2016).
The concurrent secular changes in the cranial face and anterior base
observed in this study appear to confirm research which argues that the modules
of the cranium are developmentally and structurally integrated. Covariations in
shape amongst the modules should be expected as a result of the interactions that
occur between them. Morphological change which occurs in a particular aspect
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of the cranium will have an influence on the shape of other areas (Enlow and
Moyers, 1982; Lieberman et.al., 2000; Martínez-Abadías et al., 2012). Both
Enlow and Moyers (1982) and Lieberman et al. (2000) contend that despite
different trajectories of development, the basicranium, neurocranium, and
splanchnocranium must act as functionally and structurally integrated components
throughout initial development and the growth process.
The results of the present study in conjunction with those of Jantz and
Meadows Jantz (2000, 2016) appear to confirm Enlow and Moyer’s (1982)
assertion that dolichocephalic head shapes should have congruently narrow faces.
Changes in the cranial base flexure observed in the CVA wireframe plots and
shifts in the location of basion identified in this study also seem to be in
agreement with Enlow and Moyer’s (1982) contention that anterior protrusion of
the nasomaxillary region may be due to forward basicranial rotation
The CVA plots of the canonical variates scores for the cranial base with
the sexes together and partitioned in conjunction with the analyses of the
interlandmark distances may provide moderate evidence that the morphological
changes in the cranial base which have occurred over time may be the driving
factor behind the secular changes in craniofacial morphology. The plot with the
sexes pooled together shows a clear separation between 19th and 20th century
cohorts which suggests that changes in anterior cranial base morphology had
already occurred by the turn of the century. The temporal distribution of the 20th
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century cohorts is consecutive along the first canonical axis with the exception of
the 1966-1990 cohort which falls between the 1891-1915 and 1916-1940 cohorts.
The results obtained from the geometric morphometric analyses conducted
in this study is not in accordance with the lack of significance observed in the
regression of the cranial base angle on year of birth conducted on the same data.
As stated previously, this outcome may be due to hormion acting as a poor proxy
for sella. However, evidence of the stability of cranial base angle has been
identified in other studies (Cappabianca et al., 2013; Lewis and Roche, 1977).
Changes in timing of the ossification of the spheno-occipital
synchondrosis has been identified as having the potential to influence the length
of the cranial base during development (Cendekiawan et.al., 2010; Arat et al.,
2001). According to Cendekiawan et.al. (2010), the growth of the sphenooccipital synchondrosis is of a longer duration than that of brain growth and
therefore growth and subsequent fusion are independent from that of neurocranial
and splanchnocranial development. Arat et.al. (2001) found that the mid-cranial
base completes growth around 10 years of age, but continued growth of the
posterior cranial base may be associated with the spheno-occipital synchondrosis,
and growth of this area accelerates and significantly increases in length during the
pre-pubertal growth spurt. There is also evidence that the timing of the fusion of
the basilar suture (spheno-occipital synchondrosis) is related to the onset of
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puberty and therefore development may be under some environmental influence
(Shirley and Jantz, 2011).
Since research has shown a secular trend of declining age for the onset of
puberty in the United States (Herman-Giddens, 2006), it may be reasonably safe
to assume that a shift in the timing of the fusion of the spheno-occipital
synchondrosis has also possibly occurred. Furthermore, it should be noted that
the joint between the sphenoid and the occipital is a synchondrosis and is
therefore classified as the same type of cartilaginous joint composed of hyaline
cartilage as the physeal plate of long bones. It may therefore be plausible that the
associations between stature, the timing of the closure spheno-occipital
synchondrosis (Shirley and Jantz, 2011), and basion-bregma height (BBH) (Jantz
and Meadows Jantz, 2016) are due to similar genetic and environmental factors
acting on these structures.
While Antoun et.al., (2014) identified a significant increase in the distance
between sella and nasion over time, this change is likely due to continued bone
deposition occurring in the frontal bone rather than an increase in growth at the
spheno-ethmoidal synchondrosis (Cendekiawan et.al, 2010). Nahhas et al. (2014)
also identified that the distances between basion-sella and nasion-sella continue to
change throughout adolescence while changes in the cranial base angle are not as
pronounced. Cendekiawan et.al. (2010) acknowledged several studies which
indicate that lengthening of the body of the sphenoid occurs on the posterior side,

269

that sella may drift posteriorly, and that higher rates of bone deposition on the
inferior surface of the spheno-occipital synchondrosis can result in changes in the
cranial base angle. Jantz and Meadows Jantz (2016) state that cranial base
elongation is also related to the rate of growth that occurs at the spheno-occipital
synchondrosis. Furthermore, fusion of the spheno-occipital angle and flexion at
the sella turcica during development is directly related to the degree of cranial
base flexion and bending of the NSBa (“saddle angle”) angle occurs early in
childhood with little changes occurring thereafter (Nahhas et.al., 2014;
Cendekiawan et.al., 2010; Lewis and Roche, 1972). Anderson and Popovich
(1983) found that, among children, cranial height, width, and height appear to be
related to the angle of the cranial base.
Other possible explanations for the lack of significant change in the
midline cranial base angle include the possibility that secular changes in
morphology may be occurring in basicranial position rather than shape, or that
changes may be occurring in the lateral basicranium rather than the midline
basicranium. In this study, only midline cranial base landmarks were included for
analyses. In a longitudinal cephalometric analysis of children Arat et.al., (2001)
identified that basion has moved in a posterior and inferior direction. Bastir and
Rosas (2006) and Neaux et.al. (2013) found that facial integration during growth
and development and the resulting morphology of the face have a stronger
association to lateral basicranial shape than that of the midline basicranium. Jantz
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and Meadows Jantz (2016) identified that biauricular breadth (AUB) has
undergone a significant decrease over time. If morphological changes are
occurring in the lateral basicranium, then this would be a plausible explanation for
the lack of change in the cranial base angle and the detection of changes in
craniofacial morphology n this study, and the decrease in biauricular breadth
identified in the study by Jantz and Meadows Jantz (2016).
Despite the current depth of knowledge about cranial development and
growth, researchers are still trying to fully understand basicranial, neurocranial,
and splanchnocranial interactions during development and growth. During
development, the basicranium is the first structure to form, and is believed to be
primarily responsible for integration of the neurocranial and splanchnocranial
components (Hallgrímsson et.al., 2007). There is much debate with regard as to
how the development, growth, and shape of one area may affect and influence
those same variables in the other areas (Leiberman et.al., 2000; Bastir and Rosas,
2006).
Several past studies have argued that the basicranium is not as
environmentally plastic as the splanchnocranium and is predominantly under
genetic control (Cappabianca et.al., 2013; Nie, 2005; Sperber, 2001; McKeown
and Richardson, 1971). Hallgrímsson et.al. (2007) also argue that because the
basicranium forms via endochondral ossification it is less likely to be influenced
by epigenetic interactions from tissues that are proximate to its location.

271

However, there is recent evidence that changes in lateral basicranial morphology
can be influenced by epigenetic interactions during ontogeny, and subsequent
changes in facial and vault morphology occur as a result of the covariation among
the modules during growth (Parsons et al, 2015). Epigenetic interactions and
factors (such as histone modification and changes in DNA methylation patterns)
may be a plausible reason for some of the changes in cranial morphology that
have been identified. Nutrition is known to have an effect on growth and
development, and recent research has suggested that nutrition may influence DNA
methylation patterns (Dominguez-Salas et al., 2012). Furthermore, expectant
mothers are encouraged to increase folic acid intake for the prevention of neural
tube defects (MRC Vitamin Study Research Group, 1991; Committee on
Genetics, American Academy of Pediatrics, 1999), and folate has been
demonstrated to have an effect on DNA methylation patterns which consequently
produce epigenetic changes in a developing embryo (Kim et al., 2009).
If formation and shape of the basicranium is primarily governed by
genetics and less likely to be influenced by the environment than that of the
neurocranium and splanchnocranium and it is also primarily responsible for the
determination of facial position and shape, then it is plausible that secular changes
in the cranium would be more difficult to identify in homogeneous populations,
which is not the case (Weisensee and Jantz, 2011; Kouchi, 2000; Hossain, et.al.,
2005; Ohno, et.al, 2016; Sanna, et al., 2015; Gyenis, 1994;; Stoev and Yordanov
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1998; Demoulin, 1998; Godina, 2001; Gyenis et al., 2003; Jonke, et.al., 2007;
Jonke, et.al, 2008). It is likely that changes in cranial morphology, such as those
identified in this study, are the result of covariation between the regions of the
cranium as the environment exerts epigenetic effects on the genetically defined
template.
To date there have been relatively few studies which have employed
geometric morphometric analytical techniques specifically for the investigation of
secular changes in craniofacial morphology. Wescott and Jantz (2005) identified
significant changes in cranial base morphology have occurred over time but did
not discern changes in the positions of nasion or prosthion during their
investigation. Wiesensee and Jantz (2011) identified secular changes in cranial
base shape and facial narrowing among the Portuguese. Kimmerle and Jantz
(2005) utilized geometric morphometric techniques to identify secular trends in
fluctuating and directional facial asymmetry among Americans. Jonke et.al.,
(2007) applied geometric morphometric techniques to their examination of
cephalograms and crania for their identification of secular increases in facial
projection and height among Austrians. The present study is one of the first to
employ numerous craniofacial landmarks for the specific identification of secular
changes in craniofacial and cranial base morphology.
Enumeration of the precise causes responsible for the secular changes in
craniofacial and cranial base morphology identified in this study are difficult to
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specify since socioeconomic and demographic data for the individuals included in
this study were not analyzed in conjunction with the craniometric data.
Regardless, the factors ultimately responsible for the secular changes that have
been identified are likely multifactorial. In general, from the early 19th century
through the late 20th century Americans have experienced a novel environment
characterized by remarkably rapid socioeconomic and technological transitions
and substantial numbers of immigrants contributing to demographic changes
compared to that of other populations. Improvements in nutrition, healthcare,
maternal and prenatal care, and reductions in infant and childhood morbidity and
mortality, and better socioeconomic conditions have all been proposed as reasons
for secular changes in the cranial and postcranial skeleton observed in Americans.
Certainly, improvements in socioeconomic conditions and nutrition in addition to
technological and scientific advancements have been among the proximate factors
responsible for the reductions in infant morbidity and mortality, in addition to
notable improvements in healthcare, maternal care, and prenatal care (Schmidt
el.al., 1995). Among Americans, climatic adaptations and changes in masticatory
demands seem less likely to be among the factors responsible for the secular
changes observed in the craniofacial and anterior cranial base identified in this
study.
The secular changes in craniofacial and base morphology identified in this
study appear to be concomitant to cranial vault and base morphological changes
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ascertained in previous studies. These contemporaneous alterations in shape are
likely due to the exceptional socio-environmental changes which have occurred
relatively recently in America. These changes, characterized by better-quality
nutrition, and technological improvement and advancements in healthcare, in turn
are likely responsible for an optimal maternal environment for embryonic and
fetal development and health. This advantage, initiated in utero, would likely also
be conducive for better post-natal and childhood health, and lower infant and
child morbidity.
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Chapter 7
Conclusion
Cranial development is a complex process that involves the integration of
the basicranium (cranial base), the neurocranium (cranial vault), and the
splanchnocranium (face). While much is known regarding the physiological
development and growth of these structures, there is still much to be learned.
Currently, there is considerable debate regarding the influence of genetics on
these structures during initial embryological development and the epigenetic
regulatory mechanisms which may be responsible for the modular integration of
these structures during development and the growth process. The additional
notion that these modules may each differ in their response to environmental
factors according to their particular degree of plasticity further complicates this
discussion.
Both geometric and traditional morphometric analytical methods were
employed for the analyses of secular change. An initial sample of n=662
digitized craniometric measures were utilized for the geometric morphometric
analysis. A larger sample of over n=1,500 cranial angle measurements were
available for analysis. The employment of both types of data during the process
of statistical analyses proved to be instrumental for the identification of secular
change. The use of geometric morphometric analytical techniques included
generalized Procrustes analysis, principal components analysis, and canonical
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variates analysis. These methods facilitated an initial examination of shape
changes, the significance of these changes, and the detection of differences among
birth-year cohorts.
Employment of traditional craniometric measures complemented this
initial exploration of the data and allowed for further identification and
specification of the morphological changes in craniofacial and base dimensions.
A Pearson correlation matrix was performed using interlandmark distances and
shape (regression) scores in order to identify which landmarks were amongst
those contributing to morphological changes in shape over time. The
interlandmark distances that were identified as having the strongest correlations
were then employed in regression analyses to identify the direction and tempo of
changes over time. Principal components analysis was conducted on the
interlandmark distance data to identify which measures were the greatest
contributors to the variance. Finally, cranial angle measures were regressed onto
year of birth to further examine secular changes in craniofacial and base
morphology, and to corroborate the results of the geometric morphometric
analysis.
This study has shown evidence of secular changes in craniofacial and
anterior base morphology has occurred in American White males and females
born between 1812-1990. Specific findings of this study include the following:
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•

Craniofacial and cranial base morphology differs between 19th
century and 20th century groups.

•

The turn-of-the-century cohort may provide evidence of the
transitions occurring in craniofacial and base morphology over
time.

•

Males and females have experienced similar patterns and tempos
of changes. Females may have undergone morphological changes
slightly before males. Males appear to have continue to have
undergone morphological changes after changes in females appear
to have stopped.

•

Morphological changes indicate that the face has become more
leptoprosopic over time. (The face has become significantly taller
and narrower).

•

Mid-facial projection has increased.

•

In association with the increase in mid-facial projection, the lateral
face has retruded.

•

Significant increases in length were found between the cranial base
landmarks opisthion and basion which indicate that the length of
the cranial base has increased over time.

•

Changes in the morphology of the cranial base over time were also
observed.
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These findings were based on cumulative statistical analyses which indicated that
secular change have resulted in significant increases in upper facial height,
decreases in facial breadth which indicate that the face has become taller and
narrower over time (leptoprosopic). Comparative analyses of the craniofacial
angles BAA, NAA and PRA indicate that facial height and prognathism has
increased over time. Significant increases in the distances between opisthion and
basion and several facial landmarks which suggest that the cranial base has
lengthened over time.
Based on the literature, the observable covariation in the morphologies of
the splanchnocranial module and the basicranium that has occurred over time is
likely the result of the environment acting on phenotypic expression through
epigenetic interactions during ontogeny. The interactions between the
environment and genetics continue to play a role during subsequent growth. The
factors responsible for these changes are likely the result of the novel environment
that the American population has experienced throughout the 19th and 20th
centuries. Extensive environmental, socioeconomic, and technological transitions
during this period are likely responsible for acting on the genetic expression of the
facial phenotype by means of epigenetic modulation.
The results of the study, as discussed above, in combination with prior
research which identified lengthening and narrowing of the cranial vault, indicate
that the cranial vault of American Whites has become dolichocephalic and the
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face has become more leptoprosopic over time. This trend of cranial shape
changing from brachycephalization toward dolichocephalization is not isolated to
that of the American population and has been observed in other populations
elsewhere. Populations that also appear to be experiencing a trend of
dolichocephalization include the British, Scandinavians, northern Africans,
northern and southern Europeans (Enlow and Moyers, 1982), and the Portuguese
(Weisensee and Jantz, 2011). This evidence of secular changes in cranial
morphology underscores the importance of continued craniometric data collection
and the necessity for the development of osteometric standards which are both
population and temporally specific for the purposes of constructing demographic
and identification profiles which are accurate.
While the analysis and identification of secular trends in cranial face and
base morphology in this study were relatively thorough, there were limitations to
this research. This analysis was restricted to American White males and females
because they comprised the largest available data set. Males and females were
pooled and analyzed together during the regression analyses of interlandmark
distances and cranial angles. Although the canonical variates analyses show that
males and females have exhibited similar patterns of change overall, there were
slight differences that were observed. As such, there may be differences among
the sexes with regard to changes that may be occurring in single measures.
Further analyses with the sexes partitioned would reduce the overall size of the
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sample but would be beneficial in examining and comparing patterns of change
between males and females. Furthermore, a future analysis should be conducted
in order to identify and examine secular trends in craniofacial and base
morphology which employs data from American Blacks. If such trends exist, a
subsequent comparison of the patterns and tempo of changes would be useful for
the further investigation of the underlying causes of these changes.
This study was also limited by the number of landmarks chosen for
analysis. Only 21 craniometric landmarks were chosen for this particular study of
secular changes in craniofacial and base morphology. Future research which
includes additional midline and lateral base landmarks and facial landmarks
would likely help to determine if the shape changes identified to have occurred
over time in the face are the result of changes in midline base morphology, or
lateral basicranial morphology. A thin plate spline (TPS) transformation of the
data was not utilized in this study. However, this morphometric technique would
be ideal as an additional future method of examining the changes that were
identified in this study. With the inclusion of additional landmarks, and as
additional data becomes available, partial least squares (PLS) analysis would also
be useful as a method of comparing secular changes in the shapes of the cranial
modules.
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